








	Most	research	regarding	dental	ceramics	focuses	on	the	mechanical,	physical	and	optical	 properties.	 These	 properties	 are	 important;	 however,	 the	 chemical	durability	 of	 dental	 ceramics	 is	 also	 significant.	 	 The	 oral	 cavity	 is	 a	 complex	environment,	 ‘in	 vitro’	 studies	have	not	 succeeded	 in	 replicating	 the	 solubility	measurements	of	dental	ceramics	perfectly.	The	International	Organization	for	Standardisation	has	published	 revised	 chemical	 solubility	 testing	methods	 for	dental	ceramics	ISO	6872.	These	methods	failed	to	improve	the	reproducibility	of	 the	 chemical	 solubility	 findings	 (Stokes	 et	 al.,	 2002),	 which	 led	 many	researchers	to	develop	alternative	methods.			Nevertheless,	these	ISO	methods	have	received	limited	criticism	in	the	literature.	Therefore,	the	aim	of	this	research	was	to	investigate	the	validity	of	the	ISO	6872	(BS	 ISO,	 2015)	 ‘Dentistry:	 Ceramic	 materials’	 for	 chemical	 solubility,	 and	 if	required	 design	 a	 superior	 method.	 The	 current	 standard	 ISO	 6872	 (BS	 ISO,	2015)	specifies	the	total	surface	area	of	the	test	specimens	only.	Therefore,	the	research	hypothesis	is	that	any	alteration	of	the	specimens’	geometry	will	affect	the	chemical	solubility	value	of	the	same	material.						
			
III		
The	 initial	 findings	 showed	 that	 chemical	 solubility	 can	 be	 manipulated	 by	altering	the	geometry	of	individual	test	specimens	whilst	still	complying	with	the	current	standard.	Characterisation	tests	such	as	SEM,	EDS,	XRD,	ICP	and	Vickers	hardness	were	performed	to	investigate	the	effects	of	the	test	environment	on	the	specimens.	As	a	result,	the	physical	handling	of	the	specimens	was	assumed	to	 affect	 the	 outcomes	 of	 the	 chemical	 solubility	 test.	 An	 optimised	 test	 was	designed	to	minimise	the	contact	of	the	specimens	and	the	findings	showed	that	there	is	no	significant	difference	between	different	specimens’	geometries.			The	study	concluded	that	the	current	prescribed	chemical	solubility	method	of	ISO	 6872	 (BS	 ISO,	 2015)	 lacks	 some	 specifications	 in	 order	 to	 be	 reliable	 in	measuring	the	chemical	solubility	values	of	dental	ceramics.														
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Dental	ceramics	are	among	the	most	significant	restorative	materials	due	to	their	biocompatible,	 aesthetic	 and	 physical	 properties	 that	 are	 comparable	 to	 the	natural	tooth	structures	(Conrad	et	al.,	2007).		In	modern	dentistry,	the	interest	in	developing	improved	dental	ceramic	materials	has	become	obvious	over	the	last	 few	 years.	 This	 development	 is	 also	 associated	 with	 inventing	 novel	processing	 techniques,	 such	 as	 computer	 aided	 design/computer	 assisted	manufacture	(CAD/CAM)	and	hot	pressing	(Usha	et	al.,	2014),	which	in	turn	have	motivated	an	exploration	of	new	materials	due	to	new	routes	of	fabrication.					Dental	 ceramics	 are	 generally	 more	 durable	 than	 other	 dental	 restorative	materials	in	the	oral	environment.	However,	the	degradation	of	those	materials	may	occur	due	to	chemical	attack,	mechanical	 forces	or	a	combination	of	both	(Anusavice,	1992).		Previous	research	has	shown	that	degradation	may	increase	the	surface	 roughness	of	dental	 ceramics,	which	may	 increase	 the	abrasion	of	opposing	 teeth,	 increase	 plaque	 adhesion	 or	 affect	 the	 optical	 properties	 (Al-Shammery	et	al.,	2007).	In	addition,	this	degradation	could	lead	to	releasing	of	toxic	elements	because	of	mechanical	and	chemical	attack.			The	 International	 Organization	 for	 Standardisation	 (ISO)	 has	 established	requirements,	 specifications,	 guidelines	 or	 characteristics	 covering	 almost	 all	aspects	 of	 industry.	 The	 value	 of	 the	 ISO	 standards	 lies	 in	 providing	 the	confidence	to	consumers	and	the	developers	about	the	safety,	reliability	and	the	quality	 of	 the	 products.	 In	 general,	 it	 is	 a	 legal	 requirement	 that	 dental	
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A	dental	restoration	generally	can	be	defined	as	a	treatment	to	replace	missing	parts	of	dental	structure	due	to	decay,	fracture	or	any	other	reason	in	order	to	restore	 morphology,	 integrity	 and	 function	 (Schulein,	 2005).	 Restorative	dentistry	can	be	divided	generally	into	two	main	sections,	which	are	direct	and	indirect	restorative	techniques.	Direct	restorative	dentistry	can	be	defined	as	an	immediate	placing	of	a	restorative	material	directly	in	a	prepared	tooth	cavity.	Whilst,	indirect	restorative	dentistry	can	be	defined	as	fabricating	a	restorative	material	 outside	 the	oral	 cavity	 in	 the	dental	 laboratory	before	placing	 it	 in	 a	prepared	 tooth	 cavity,	 which	 requires	 more	 than	 one	 appointment	 for	completion	(ADA,	2003).		Historically,	 dentistry	 has	 not	 always	 existed	 as	 a	 profession.	 Therefore,	 they	were	 usually	 implementing	 simple	 procedures,	 which	 their	 main	 option	 of	treatment	 was	 straightforward	 extraction	 to	 eliminate	 pain	 and	 related	infections	rather	than	dealing	with	complicated	cases.	This	was	due	to	a	lack	of	knowledge	during	that	period	(Fauchard	and	Lindsay,	1946).	There	is	not	much	documentation	about	early	restorative	dentistry,	however	it	is	claimed	that	some	ancient	civilizations	used	materials	 to	 replace	and	restore	 teeth	such	as	bone,	ivory,	ground	mastic,	waxes	and	gold	(Craig,	1997).			
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Around	 1728,	 Fauchard	 brought	 the	 science	 of	 dentistry	 as	 well	 as	 dental	instrumentation	 to	 a	 new	 level.	 He	modified	 various	 tools	 that	were	 used	 by	barbers	 as	 well	 as	 watchmakers	 to	 fit	 dental	 practice.	 Fauchard	 spotlighted	different	methods	to	adapt	different	restorative	and	operative	conditions.	Thus,	he	 became	 known	 as	 the	 father	 of	 modern	 dentistry	 (Fauchard	 and	 Lindsay,	1946,	Lynch	et	al.,	2006,	Maloney	and	Maloney,	2009).	Fauchard	mentioned	in	his	book	using	some	other	materials	 to	 restore	damaged	 teeth	 including	gold,	lead	and	tin.			In	the	late	18th	century,	a	huge	growth	in	prosthetic	dentistry	paved	the	way	for	contemporary	 cosmetic	 dentistry.	 In	 1770,	 the	 dental	 field	 witnessed	 the	fabrication	of	the	first	porcelain	dentures,	but	it	took	nearly	ten	years	to	be	used	in	patients’	mouths.	In	the	early	19th	century,	clinicians	started	to	use	a	form	of	plaster	in	order	to	make	moulds	of	their	patients’	mouths	that	would	give	better-fitting	dentures.			In	1826,	the	restorative	dentistry	field	witnessed	the	early	development	of	dental	amalgam	 as	 a	 new	 restorative	 material	 by	 combining	 silver	 and	 mercury	(Schulein,	2005).	However,	this	material	did	not	received	a	significant	attention	in	dental	profession	until	a	suggestion	of	a	balanced	 formula	by	G.	V.	Black	 in	1895	 (Cannon	 et	 al.,	 1985).	 In	 the	 early	 20th	 century,	 silicate	 cement	 was	introduced	 as	 the	 first	 tooth-coloured	 restorative	material	 in	 dental	 cosmetic	field	(Glenner,	1993).	In	1907,	the	introduction	of	the	precise	casting	technology	and	the	use	of	electric	furnaces	facilitated	the	production	of	metal	crowns	and	bridges	(Slokar	et	al.,	2017).		
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Land	 introduced	porcelain	 jacket	crown	(PJC)	as	new	technique	 in	restorative	dental	field	in	1889	(Taylor,	1922).	Dental	porcelains	had	been	developed	from	feldspathic	 glasses,	 which	 offered	 better	 aesthetic	 properties.	 However,	 they	have	 since	been	 shown	 to	have	poor	 fracture	 toughness,	 improper	 fitting	and	inadequate	marginal	adaptation	(McLean	and	Hughes,	1965,	Anusavice,	2003).	An	improvement	in	fracture	resistance	has	been	made	by	McLean	and	Hughes	(1965)	 by	 the	 addition	 of	 alumina	 particles.	 Since	 then,	 dental	 porcelain	 has	become	a	primary	restorative	material	 in	the	oral	cavity.	Moreover,	the	recent	introduction	of	CAD/CAM	technology	has	aided	to	improve	fitting	and	marginal	adaptation	 of	 restorations	 (Li	 et	 al.,	 2014).	 In	 general,	 the	 continuous	improvements	of	the	different	restorative	materials	provided	more	benefits	 in	the	restorative	dentistry	field.			In	 1947,	 methyl	 methacrylate	 resins	 were	 developed	 as	 a	 direct	 restorative	material	 (Ferracane,	 2011).	 This	 material	 did	 not	 last	 long	 due	 to	 its	polymerisation	 shrinkage,	 inconvenient	 coefficient	 of	 thermal	 expansion,	postoperative	 sensitivity,	 staining	 and	 secondary	 decay	 (Noort	 et	 al.,	 1993).	However,	 these	drawbacks	were	 improved	 later	by	modifying	the	structure	of	this	material	such	as	adding	filler	particles.	In	1955,	an	important	discovery	of	phosphoric	acid	led	to	improve	mechanical	bonding	of	resin	to	dental	structure	(Ring,	1992).	Later	on,	the	introduction	of	composite	resin	and	ultraviolet	light-curing	system	has	changed	the	restorative	dentistry	considerably	in	the	1970s	(Minguez	et	al.,	2003).	In	1968,	glass	ionomer	cement	(GIC)	was	introduced	and	developed	from	combining	silicate	and	polycarboxylate	cement	(Wilson,	1991).	
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Indirect	restorative	dentistry	generally	requires	more	than	one	visit	to	obtain	a	complete	 restoration.	Historically,	 it	was	 reported	 that	 beeswax,	 gutta-percha	and	 plaster	 of	 Paris	 were	 the	 earliest	 known	 materials	 used	 for	 dental	impressions	(Schulein,	2005).	Later	on,	dental	impression	materials	have	been	developed	considerably	to	increase	the	accuracy	of	obtained	restorations.			A	dental	restorative	material	is	a	subgroup	of	biomaterials	that	can	be	defined	as	“non-living	materials	designed	to	interact	with	biological	systems”	(Noort,	2013).	Therefore,	the	most	important	feature	is	that	a	material	should	be	harmless	to	the	biological	environment	and	may	also	provide	benefits	to	human	beings	by	its	interaction.	 Moreover,	 the	 maximum	 intraoral	 forces	 of	 mastication	 were	reported	to	be	over	60	kgf	according	to	some	studies	(Rohrle	et	al.,	2018,	Ferrario	et	al.,	2004).	Thus,	a	restorative	material	should	display	appropriate	mechanical	properties	in	order	to	withstand	the	forces	of	mastication	placed	on	it.			The	 oral	 cavity	 demonstrates	 a	 complex	 environment,	 which	 has	 a	 different	range	 of	 temperature	 and	 pH	 due	 to	 the	 different	 consumption	 of	 food	 and	drinks.	 It	 was	 reported	 that	 the	 range	 of	 temperature	 of	 consumed	 food	 and	drinks	 is	 between	 0°C	 and	 70°C	 (Barclay	 et	 al.,	 2005).	 Therefore,	 restorative	materials	 should	 display	 proper	 thermal	 properties	 to	 avoid	 failure	 due	 to	variable	contraction	and	expansion	of	a	dental	material	and	dental	structures.	Moreover,	the	oral	cavity	is	a	wet	environment	with	different	acidity	levels	due	to	food	and	drink	consumption.	In	general,	dental	restorative	materials	tend	to	
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2.1.2.1.					Metals		In	dentistry,	metals	have	been	widely	used	in	the	restorative	field	due	to	their	good	 mechanical	 properties	 such	 as	 hardness,	 elastic	 modulus	 and	 tensile	strength	(Slokar	et	al.,	2017).	However,	the	applied	metals	are	generally	alloys,	and	not	in	their	pure	forms	as	in	the	past	in	order	to	meet	the	requirements	of	restorative	materials.	For	example,	the	hardness	of	gold	is	too	low	to	be	used	in	the	oral	cavity.	Therefore,	alloying	metals	with	other	metals	or	non-metals	result	in	a	superior	metallic	alloy	by	exploiting	the	positive	properties	and	reducing	the	negative	properties	of	each	component	(Slokar	et	al.,	2017).	Today,	 the	recent	advancements	of	new	technologies	allow	for	producing	 improved	materials	 in	restorative	dentistry.	However,	 this	 literature	review	will	concentrate	on	non-metallic	indirect	restorative	materials	(dental	ceramics).				
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2.1.2.2.					Glasses	and	glass-ceramics		Glasses	are	amorphous	solids	and	mainly	transparent	structure	as	liquids	but	in	a	solid	form.	An	amorphous	structure	displays	an	irregular	arrangement	of	 its	molecules.	ASTM	(C-162-92)	standards	for	glass	defined	glass	as	“an	inorganic	product	 of	 fusion	 which	 has	 been	 cooled	 to	 a	 rigid	 condition	 without	crystallisation”	(Doremus,	1994).	Although,	this	definition	is	accurate	for	most	commercial	glassy	materials,	however,	other	routs	of	making	glass	were	ignored.	Therefore,	the	term	“glass”	should	cover	all	non-crystalline	solid	materials,	which	exhibit	a	glass	transition	regardless	of	their	production	routes	(Doremus,	1994).		There	are	many	routes	of	production	to	prepare	glass	such	as	melt-quenching,	sol-gel,	etc.	Even	though	there	are	different	ways	of	preparing	glass,	melting	at	high	temperature	is	still	the	most	common	used	method	due	to	its	compositional	flexibility	 compared	with	 other	 techniques.	 In	 addition,	 the	 sol-gel	method	 is	mainly	by	converting	components	into	colloidal	solution	or	gel	and	subsequent	polycondensation	for	producing	of	both	glassy	and	ceramic	materials	(Hench	and	West,	1990,	Kundu	et	al.,	1992,	Gheonea	et	al.,	2017).		Most	of	glasses	transmit	light	due	to	their	transparency.	The	wide	range	of	optical	properties	of	glasses	is	very	important	for	variable	applications.	Glass	materials	can	 be	 applied	 in	 different	ways	 ranging	 from	 applications	 such	 as	windows,	lamp	envelops	and	containers	to	more	advanced	applications	such	as	lenses	and	glass	fibre,	etc.	Moreover,	the	thermal	expansion	properties	are	very	important	in	 designing	 a	 glassy	 product.	 This	 is	 because	 glass	 expands	 under	 higher	temperatures.	Unequal	heating	of	a	glass	body	could	cause	a	different	expansion	
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of	 the	 glass	 layers	 that	 could	develop	 internal	 stresses	 (Jones	 et	 al.,	 1983).	 In	general,	 glassy	 materials	 are	 brittle	 and	 prone	 to	 fracture	 due	 to	 their	 non-crystalline	structure.	This	failure	could	occur	due	to	a	higher	physical	stress	than	the	strength	of	the	glass,	surface	flaws	or	stresses	developed	by	a	thermal	shock.			Glassy	 materials	 can	 show	 higher	 corrosion	 resistance	 compared	 to	 other	materials.	 Glasses	 can	 serve	 for	 many	 years	 under	 sunlight	 exposure	 and	different	 atmospheric	 conditions.	 In	 addition,	 most	 laboratory	 chemical	reactions	are	performed	in	laboratory	glassware	without	any	obvious	damage	or	contamination.	Although	glass	could	be	unaffected	for	these	indications,	it	can	be	affected	significantly	in	other	certain	conditions	such	as	with	hydrofluoric	acid.	Commonly,	 these	materials	 are	 amorphous	 silicate	 glasses	 that	 contain	 other	elements	such	as	Al2O3,	CaO,	K2O	and/or	Na2O.	The	addition	of	other	oxides	to	the	composition	of	glass	can	be	used	to	enhance	thermal	expansion	properties,	transparency,	or	for	improving	the	fabrication	process.			In	 dentistry,	 glass	 is	 utilised	 in	 the	 fabricating	 of	 a	 number	 of	 restorative	materials	such	glass	ionomer	cements,	dental	composites	(fillers),	to	glaze	some	ceramics	and	metals.	The	glassy	state	is	metastable;	therefore,	glasses	tend	to	be	devitrified.	However,	 the	process	of	 controlled	devitrification	 (nucleation)	has	significantly	 developed	 the	 use	 of	 glasses	 in	 the	 dental	 restorative	 field	 by	producing	glass-ceramics.				
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It	 is	 important	 to	 understand	 the	 actual	 structure	 of	 glasses,	 in	 order	 to	comprehend	 the	 nucleation	 process	 of	 glass.	 It	 has	 been	 stated	 that	 the	production	of	a	three-dimensional	network	is	the	result	of	the	random	structure	of	silicate	glasses	that	are	based	on	the	irregular	arrangement	of	SiO4	tetrahedra	linked	by	means	of	corner	sharing	(Douglas,	1968).			Crystallisation	of	a	glass	can	be	defined	as	the	process	of	production	of	a	regular	form	of	crystal	lattice	from	the	irregularly	ordered	glass	structure.	This	process	includes	two	major	stages,	which	are	nucleation	and	crystal	growth.	In	general,	a	glass-ceramic	 can	 be	 formed	 by	 melting	 glass	 and	 then	 converting	 it	 into	 a	ceramic	type	material	by	a	controlled	heat	treatment.	Heating	glass	to	a	certain	temperature	enhance	crystals	to	nucleate.	Further	increasing	of	the	temperature	leads	to	crystal	growth	and	then	crystallise	some	or	all	of	the	remaining	glass.	Nucleation	processes	can	either	be	homogenous	or	heterogeneous.	Homogenous	nucleation	can	be	described	as	the	major	nuclei	and	the	growing	crystals	both	formed	 from	 the	 same	molecules.	 In	 contrast,	 nucleation	 could	 happen	 at	 the	glass	surface	 in	contact	with	other	different	substances,	which	means	that	 the	major	 nuclei	 of	 the	 heterogeneous	 nucleation	 and	 the	 growing	 crystals	 are	different	 (Vogel,	 1966).	 However,	 most	 of	 glass-ceramics	 are	 formed	 by	heterogeneous	 nucleation,	 which	 is	 usually	 involved	 with	 adding	 nucleating	agents.						
	Chapter	2:	Literature	Review	 	
	15		
Glass-ceramic	processing	has	been	expanded	to	include	other	substances	added	to	 silicate	 and	 oxides.	 This	 expansion	 involves	 the	 precursor	 glasses	 being	processed	 by	 sol-gel	 techniques.	 In	 addition,	 improvements	 have	 included	considerably	the	processing	route	of	powder.	The	addition	of	nucleating	agents	can	 possibly	 promote	 the	 volume	 nucleation	 of	 melt-derived	 silicate	 glasses.	These	nucleating	agents	can	be	defined	as	substances	used	in	small	quantities	to	enhance	 volume	 nucleation	 and	 production	 of	 glass-ceramics.	 Generally,	 the	most	added	agents	in	silicate	glasses	are	metallic	oxides	such	as	TiO2,	P2O5	and	ZrO2	 (James	et	 al.,	 1997).	 It	has	been	 stated	 that	 the	proper	addition	of	 those	elements	can	enhance	the	chemical	and	mechanical	properties	of	glass-ceramics	(Fathi	et	al.,	2014).	For	example,	it	was	reported	that	the	chemical	solubility	of	glass-ceramic	materials	containing	TiO2	was	high	(Barry	et	al.,	1970),	however	the	combination	of	ZrO2	and	TiO2	was	found	to	be	better	than	the	addition	of	only	one	agent	of	both	(McNally	and	Beall,	1979).			The	 microstructures	 of	 glass-ceramics	 are	 ideally	 fine-grained	 with	 random	crystal	orientation	that	gives	non-porous	structure	with	no	micro-cracks	or	voids	(Vogel,	 1966).	 Thus,	 these	 features	 enhance	 properties	 such	 as	 chemical	durability,	 strength,	 toughness,	 thermal	 expansion,	 as	 well	 as	 translucency.	Accordingly,	these	enhanced	features	and	the	growth	of	ceramics	manufacturing	were	 the	 primary	 factors	 to	 introduce	 glass-ceramics	 into	 the	 field	 of	 dental	restorative	 materials.	 Although	 glass-ceramics	 display	 an	 acceptable	 level	 of	biocompatibility	and	excellent	aesthetics,	 they	are	commonly	characterised	by	their	refractory	nature,	hardness	and	brittleness	(Yoshimura	et	al.,	2012).			
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There	 are	 different	 categories	 of	 dental	 ceramic	 materials	 with	 different	characteristics.	 Based	 on	 the	 chemical	 microstructural,	 glass-ceramics	 can	 be	composed	of	different	amounts	of	glass	and	crystalline	structures.	Firstly,	there	are	materials	are	mainly	based	on	a	silica	network.	This	structure,	which	is	also	known	 as	 quartz	 or	 silica,	 incorporates	 with	 either	 potash	 feldspar	(K2O.Al2O3.6SiO2)	or	soda	feldspar	(Na2O.Al2O3.6SiO2)	or	both.	The	significance	of	involving	feldspar	compounds	is	its	capability	to	forming	crystalline	mineral	leucite.	These	materials	show	high	proportion	of	glassy	phase	and	therefore	the	mechanical	properties	range	of	flexural	strength	of	them	extends	between	60	–	70	MPa	 (McLaren	and	Giordano,	2014).	Under	mechanical	 stresses,	 therefore,	these	glassy	restorative	materials	are	much	more	liable	to	fracture.	Therefore,	they	are	mainly	applied	as	veneers	 that	obtain	 their	 strength	by	bonding	 to	a	stiffer	substructure.			In	 order	 to	 control	 other	 elements	 such	 as	 thermal	 properties	 and	 chemical	solubility,	 the	addition	of	other	components	such	as	glass	modifiers,	pigments	and	opacifiers	are	considered.	The	addition	of	glass	modifiers	such	as	boric	oxide	can	decrease	softening	 temperature	as	well	as	viscosity.	While	 the	addition	of	metallic	oxides	such	as	nickel	oxides,	which	are	basically	used	as	pigments	and	opacifiers,	 is	 important	 for	 determination	 and	 specification	 of	 the	 colour	intensity.			There	are	two	possible	ways	to	strengthen	ceramics	from	this	category	(McLaren	and	Giordano,	 2014).	 First,	 strengthening	 could	 be	 developed	 by	 the	 residual	compressive	stresses,	which	can	be	 introduced	 inside	 the	material	by	 thermal	
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tempering	and	ion	exchange.	Secondly,	it	could	be	enhanced	by	the	interruption	of	crack	propagation,	which	can	be	obtained	by	the	dispersion	of	the	crystalline	phase.	The	microstructure	of	glass-based	ceramics	consists	of	at	least	one	crystal	phase,	which	is	developed	by	controlled	crystallization	of	the	glass,	in	addition	to	the	glass	matrix	phase.	Different	processing	techniques	are	possible	to	produce	glass-ceramics	for	all-ceramic	restorations	such	as	casting,	machining,	pressing,	and	infiltration	process.			This	category	includes	machinable	glass-ceramics	as	well,	which	are	considered	as	high-quality	products.	These	materials	are	crystallised	during	manufacturing	and	 produced	 as	 CAD/CAM	 blocks	 or	 ingots.	 The	 mechanical	 properties	 of	machinable	glass-ceramics	are	quite	similar	to	castable	glass-ceramics,	they	are,	however,	 less	 translucent.	 In	regards	to	 the	precision	of	restorations,	 they	are	clinically	applicable	and	comparable	to	the	castable	glass-ceramics	(Park	et	al.,	2016).		Secondly,	 there	are	other	glass-ceramics	that	have	different	ratios	of	added	or	grown	crystals.	The	major	current	types	of	these	crystals	include	leucite,	lithium	disilicate,	or	fluorapatite.	Leucite	crystals	have	been	widely	included	within	the	structure	 of	 dental	 ceramics	 as	 constituent	 elements	 in	 order	 to	 modify	 the	coefficient	of	thermal	expansion.	This	feature	is	significant	for	ceramic	fusing	or	even	when	 it	 is	 to	 be	 veneered	 to	metals.	 In	 addition,	 increasing	 the	 ratio	 of	leucite	fine	particles	in	materials	enhances	flexural	strength	such	as	in	the	case	of	 IPS	 Empress,	 which	 is	 a	 leucite-reinforced	 hot-pressed	 glass-ceramic.	 That	means	that	leucite	is	considered	as	a	potassium	aluminium	silicate	structure	but	
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with	 much	 considerable	 coefficient	 of	 thermal	 expansion.	 Leucite	 crystals	demonstrate	obvious	randomness	of	size	and	distribution,	which	is	associated	to	the	 low	 fracture	 toughness	 and	 abrasive	 characteristics	 of	 these	 materials	compared	to	enamel	(McLaren	et	al.,	2003).			Recent	 generations	 of	 glass-ceramic	 materials	 have	 much	 finer	 crystals	 that	range	between	10	µm	–	20	µm	with	uniform	distribution	of	particles	within	the	glass	structure	(McLaren	and	Giordano,	2014).	This	gives	the	materials	greater	flexural	 strength	 with	 minimum	 abrasiveness.	 Therefore,	 these	 ceramics	 are	commonly	 applied	 as	 veneers	 to	 core	 systems.	 Because	 of	 their	 high	 flexural	strength,	these	ceramics	can	be	used	as	all-ceramic	restoration.		In	addition,	there	are	some	glass-ceramic	materials	contain	approximately	50	%	glass	(high	leucite).	They	display	a	unique	microstructure	that	includes	a	glass	matrix	 surrounding	 crystals	 that	 are	 nucleated	 by	 a	 second	 phase	 of	 heat	treatment.	The	physical	presence	of	glass	matrix	generates	compressive	stresses	around	 crystals.	 Thus,	 it	 improves	 the	mechanical	 and	 physical	 properties	 of	these	 ceramics.	 The	 degree	 of	 improvement	 relies	 on	 the	 size	 and	 amount	 of	crystals,	and	how	they	interact	with	the	glass	matrix.	There	are	many	ceramic	materials	 belonging	 to	 this	 group	 such	 as	 pressable	 ceramic	 Empress®	 and	machinable	Empress®	(Ivoclar	Vivadent,	UK).		Lithium	disilicate	(Li2Si2O5)	are	also	utilised	as	the	microstructure	crystals	phase	for	dental	glass-ceramics	such	as	Empress	2â	(Ivoclar	Vivadent,	UK).	This	type	of	ceramics	 shows	 considerable	 strength	 due	 the	 nature	 of	 the	 microstructure	
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crystals	 as	 well	 as	 the	 increased	 amount	 of	 crystal	 content	 to	 around	 70	%.	Fluorapatite	 crystals	 have	 been	 also	 included	 to	 the	 structure	 of	 some	dental	ceramics	to	enhance	the	optical	properties	and	coefficient	of	thermal	expansion	of	veneering	ceramics	(Raghavan,	2012).			Additionally,	 there	 is	 a	 group	 of	 dental	 ceramics	 that	 is	 mainly	 related	 to	aluminous	porcelain.		These	ceramics	are	characterised	by	the	nature	of	the	glass	matrix	phase,	which	contains	at	least	35	vol%	of	alumina	(McLaren	and	Giordano,	2014).	Thus,	they	exhibit	greater	strength	than	feldspathic	porcelain,	and	they	are	commonly	used	as	core	ceramics.	This	category	involves	ceramics	with	wide	variability	 in	 processing	 techniques,	 translucencies,	 and	 strengths	 in	 order	 to	cover	 the	different	 applications	 of	 all-ceramic	 restorations	 such	 as	 In-Ceram®	Alumina,	In-Ceram®	Zirconia	and	In-Ceram®	Spinell.			In-Ceram®	 Alumina	 have	 been	 successfully	 applied	 clinically	 since	 1989	(Proebster	et	al.,	1990).	They	have	sufficient	 flexural	strength	(450	MPa)	with	moderate	translucency.	They	are	used	as	anterior	and	posterior	crowns.	Many	studies	reported	that	In-Ceram®	Alumina	can	be	used	to	restore	any	tooth	in	the	mouth	as	single	units	(Wassermann	et	al.,	2006).	However,	those	studies	showed	that	In-Ceram	Alumina	had	a	comparable	survival	rate	to	porcelain	fused	to	metal	generally	up	to	the	first	molar,	and	a	slightly	lower	survival	rate	for	the	second	molar	(Seghi	et	al.,	1990,	Giordano	et	al.,	1992,	McLaren	and	White,	2000).				
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In-Ceram®	Zirconia	is	a	modified	version	of	In-Ceram	Alumina.	This	material	has	a	 very	 high	 strength,	 but	 lower	 translucency.	 Therefore,	 it	 is	 used	mainly	 as	posterior	units	and	should	not	be	considered	to	restore	any	tooth	in	the	aesthetic	zone.	The	flexural	strength	is	about	(650	MPa),	thus	can	be	used	for	three-unit	bridges	(Giordano,	2000).			In-Ceram®	 Spinell	 has	 a	 moderately	 high	 strength	 and	 very	 high	 levels	 of	translucency;	therefore,	ideal	for	restoring	anterior	teeth.	The	flexural	strength	is	around	350	MPa	(Giordano,	2000).			Another	type	of	dental	ceramics	is	polycrystalline	materials,	which	refers	to	the	solid-sintered	 monophase	 materials	 that	 are	 composed	 of	 directly	 sintered	crystals	 with	 the	 absence	 of	 any	 types	 of	 matrix	 in	 order	 to	 produce	 a	polycrystalline	 structure	 that	 is	 glass-free,	 air-free,	 and	 dense.	 Procera®	AllCeram	alumina,	Al2O3	(Nobel	Biocare)	was	the	first	product	of	this	category.	The	 flexural	 strength	 is	 about	 600	MPa	 (Hegenbarth,	 1996).	 This	 material	 is	sintered	 at	 approximately	 1600°C,	 which	 leads	 to	 a	 dense	 coping	 but	 with	shrinkage	of	around	20	%.	Another	example	is	zirconium	dioxide,	ZrO2	(zirconia)	that	 has	 been	 substantially	 introduced	 into	 the	 field	 of	 restorative	 dentistry	recently.	This	compound	 is	not	perfectly	pure	zirconia,	some	metal	oxides	are	added	in	small	quantities	for	the	partial	stabilisation	of	the	zirconia.	There	are	many	 types	of	 zirconia	 crystals,	which	are	 characterised	by	 the	 type	of	minor	components	added	to	the	pure	zirconia.				
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In	the	dental	field,	it	is	common	to	add	yttria	(3	wt%)	to	zirconia	(Y-TZP)	(Shah	et	 al.,	 2008).	 The	 mechanical	 properties	 of	 Y-TZP	 in	 terms	 of	 strength	 and	toughness	are	approximately	double	the	values	of	alumina-based	ceramics.	Some	studies	reported	that	the	flexural	strength	of	Y-TZP	varies	between	900	to	1100	MPa	(Piwowarczyk	et	al.,	2005,	Papanagiotou	et	al.,	2006a).	However,	it	is	crucial	to	understand	that	the	flexural	strength	values	are	not	directly	correlated	to	the	clinical	 performance	 of	 ceramic	 restorations.	 Studies	 reported	 that	 fracture	toughness	of	Y-TZP	ranged	from	8	to	10	MPa.m1/2,	which	is	considered	superior	to	other	types	of	dental	ceramics	so	far	(Piwowarczyk	et	al.,	2005).	Therefore,	Y-TZP	can	be	used	for	both	anterior	and	posterior	multi-unit	fixed	partial	dentures.	Clinical	studies	reported	that	there	was	not	any	obvious	problem	for	applying	Y-TZP	as	a	framework	(Raigrodski	et	al.,	2006,	Sailer	et	al.,	2007,	Christensen	et	al.,	2010).														
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2.1.2.3.					Resin-based	materials	(composites/hybrid	ceramics)	The	 term	 dental	 composite	 is	 mainly	 used	 to	 refer	 to	 resin-based	 dental	restorative	materials.	Until	recently,	dental	composites	have	rapidly	improved	in	order	to	produce	a	restorative	material	with	high	properties.	The	formulation	of	composite	materials	differs	from	one	material	to	another	based	on	their	specific	applications	 as	 restorative,	 cement,	 sealant	materials,	 etc.	However,	 all	 dental	composites	are	composed	of	a	polymeric	matrix,	fillers,	a	silane	coupling	agent	and	modulating	chemicals	(Ferracane,	2011).		In	 general,	 dental	 composites	 show	 great	 aesthetic	 and	 adequate	mechanical	properties	to	be	used	as	restorative	materials	in	the	oral	cavity.	However,	there	are	 two	 major	 clinical	 reasons	 to	 replace	 composite	 restorations,	 which	 are	fracture	and	secondary	caries	(Zimmerli	et	al.,	2010).	Therefore,	there	are	some	concerns	 that	 these	materials	 could	not	 be	 a	 convenient	 choice	 in	high	 stress	areas	as	with	in	patients	who	have	parafunctional	habits	such	as	bruxism.	This	would	 lead	 as	 a	 result	 to	 fracture	 or	 wear	 of	 the	 restoration.	 Although	 the	strength	and	toughness	of	dental	composites	are	similar	to	amalgams,	they	are	lower	 than	 ceramic	materials.	 This	 is	 specifically	 significant	 if	 composites	 are	used	as	a	core	material	then	they	might	fail	by	bulk	fracture	(Ferracane,	2011).			Moreover,	the	current	dental	composite	resins	are	not	totally	hydrophobic	and	their	shrinkage	levels	ranges	between	0.5	vol%	and	1.0	vol%	(Ferracane,	2011).	This	level	would	seem	to	be	an	acceptable	value	to	provide	space	for	expansion	due	 to	 water	 sorption.	 However,	 this	may	 allow	 for	 developing	 of	 secondary	caries.		
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Classification	of	dental	ceramics	by	way	of	processing	technique	appears	to	be	much	more	 straightforward	 compared	 to	 any	 other	 classification.	 In	 general,	there	are	 three	different	processing	techniques	 for	dental	ceramics,	which	are	classified	 as:	 1)	 powder/liquid;	 2)	 hot	 pressing	 or	 casting	 systems;	 and	 3)	CAD/CAM	or	slurry	die-processed	system	for	crystalline-based	materials.	There	is	a	direct	engagement	between	processing	techniques	and	clinical	performance	of	ceramics.		This	appears	when	processing	a	material	with	different	techniques,	each	technique	would	have	different	impacts	that	might	improve	or	decline	the	final	properties	and	 the	 clinical	performance	of	dental	 ceramics.	For	 instance,	machined	 or	 pressed	 ceramics	 have	 better	 performance	 compared	 to	 the	sintered	versions	of	the	same	material	(McLaren	and	Giordano,	2014).			
2.1.3.1.					Sintering	(powder/liquid)	




b) Slip	Casting		Slip	casting	is	a	method	to	produce	ceramic	materials	by	homogenous	dispersion	of	 ceramic	 powder	 in	 water.	 In	 general,	 the	 adjustment	 of	 water	 pH	 is	considerable	 to	 produce	 a	 charge	 on	 the	 ceramic	 particles	 and	 then	 ceramic	powder	is	coated	by	a	polymer	in	order	to	create	an	even	suspension	in	the	water.	Many	ceramic	materials	such	as	In-Ceramâ	and	some	partially	stabilised	zirconia	are	 produced	 by	 slip	 casting	 of	 alumina	 or	 zirconia.	 Although	 the	 rate	 of	production	of	slip	casting	systems	appears	quite	low	compared	to	other	systems,	it	 produces	 however,	 a	 wide	 diversity	 of	 complex	 shape	 as	 well	 as	 highly	homogenous	ceramics.				
2.1.3.2.					Pressable	This	method	utilises	the	lost	wax	casting	technique.	The	process	requires	ingots	of	 glass-ceramic	or	monochromatic	porcelain,	which	are	heated	 to	 a	 specified	temperature	 in	order	 to	 flow	and	are	 forced	under	pressure	 into	 a	 refractory	mould.	 The	 mould	 is	 made	 by	 the	 conventional	 lost-wax	 casting	 technique.	Mainly,	pressable	ceramics	are	used	as	veneers,	inlays,	onlays,	single	crowns,	and	as	substructures.	Hot	pressing	technique	is	advantageous	over	other	traditional	methods	of	sintering	in	achieving	excellent	marginal	fit,	decreased	porosity,	and	increase	flexural	strength	and	Weibull	modulus	(Gorman	et	al.,	2000).				
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2.1.3.3.					CAD/CAM	CAD/CAM	(computer-aided	design	and	computer-aided	manufacturing)	includes	software	 that	 is	 able	 to	 design	 and	 manufacture	 materials	 such	 as	 dental	ceramics.	 This	 technology	 has	 been	 involved	 with	 many	 ceramics,	 due	 to	 its	accuracy	 and	 short	 processing	 time.	 Blocks	 of	 different	 ceramic	materials	 are	milled	to	fabricate	inlays,	onlays,	veneers,	and	crowns	using	CAD/CAM	systems.	The	 standardised	 manufacturing	 process	 is	 an	 advantageous	 feature	 of	CAD/CAM	technique,	which	produces	restorations	with	improved	density	with	better	mechanical	 properties	 in	 comparison	with	 powder/liquid	 or	 pressable	restorations.				The	 introduction	 of	 CAD/CAM	 in	 the	 dental	 field	 in	 the	 1970s	 returns	 to	 the	efforts	 of	 Duret	 and	 Preston	 (1991)	who	 begun	 to	 explore	 this	 technology	 in	dentistry.	 However,	 these	 early	 efforts	 were	 not	 enough	 to	 use	 CAD/CAM	technology	within	dental	clinics	and	it	was	only	limited	to	dental	laboratories.			This	technology	has	been	subjected	to	many	stages	of	development.	In	the	1980s,	further	work	of	Moermann	led	to	the	release	of	the	CEREC®	system	as	chairside	CAD/CAM.	Moreover,	the	access	transition	from	closed	to	open	systems	created	much	considerable	flexibility	in	regard	to	acquisition	of	data	by	different	sources.	This	also	 leads	to	 increase	the	possibility	of	processing	techniques	with	wider	manufacturing	range	and	related	materials.	Presently,	CAD/CAM	is	considered	one	of	the	most	popular	technologies	in	dental	laboratories	and	clinics.		
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Regardless	 of	 the	 convenient	 use	 for	 dental	 ceramics,	metal	 restorations	 still	demonstrate	 superior	mechanical	properties	 compared	 to	 ceramics.	However,	metallic	restorations	 tend	to	deform,	whereas	ceramic	restorations	commonly	fail	 disastrously.	 Moreover,	 the	 production	 of	 dental	 ceramics	 is	 considered	costly,	 and	 requires	 more	 sophisticated	 technical	 approaches	 as	 well	 as	appliances	to	achieve	long-term	and	optimal	aesthetic	outcomes.	Therefore,	it	is	crucial	 to	 produce	 inexpensive,	 aesthetic,	 tough	 and	 long-lasting	 ceramics	materials	in	order	to	appeal	the	market.		The	 competition	within	 the	 global	 dental	 ceramics	market	 cannot	be	 ignored.	There	 are	 many	 market	 leading	 companies,	 which	 compete	 with	 respect	 to	quality	 and	 price	 in	 order	 to	 meet	 the	 market	 needs.	 Therefore,	 there	 are	different	 dental	 ceramic	 products,	 which	 cover	 various	 applications	 of	restorative	 indications.	The	 following	are	examples	of	 the	current	commercial	dental	ceramics:							
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2.1.4.1.					VITABLOCSâ	Mark	II	(VITA	Zahnfabrik)		This	material	is	composed	of	fine	particles	of	feldspar	ceramics	(4	µm),	which	has	sanidine	 (KAlSi3O8)	 as	 the	 crystal	 phase.	 It	 is	 pore	 free	 ceramic	 with	 fine	crystalline	structure	as	it	is	manufactured	using	fine-grained	powders,	which	are	responsible	for	their	good	strength,	polishability	and	less	abrasive	behaviour	to	the	 opposed	 dental	 structures	 (Giordano,	 2006).	 The	 clinical	 indications	 of	VITABLOCS	Mark	II	include	anterior	and	posterior	single	crowns,	inlays,	onlays	and	veneers.				
2.1.4.2.					IPS	Empressâ	(Ivoclar	Vivadent)		This	material	is	composed	of	leucite-based	ceramic	(1-5	µm),	which	is	processed	by	hot	pressing	technique.	It	obtains	its	strength	from	the	reinforcement	of	the	dispersed	fine	leucite	crystals	as	a	result	of	hot	pressing.	The	indications	of	IPS	Empress	include	single	crowns,	inlays,	onlays	and	veneers	(Albakry	et	al.,	2003).	However,	 this	 product	 has	 been	 declined	 as	 some	 evidence	 stated	 that	 the	strength	 of	 Empress	 is	 not	 suitable	 for	 posterior	 region	 as	 the	manufacturer	claimed	(Holand	et	al.,	2000).			
2.1.4.3.					IPS	Empressâ	Esthetic	and	IPS	Empressâ	CAD	(Ivoclar	Vivadent)		These	 materials	 are	 both	 leucite	 reinforced	 glass-ceramics	 (<	 1-5	 µm).	 Both	materials	 can	 be	 processed	 by	 hot	 pressing	 and	 CAD/CAM	 techniques	respectively.	They	are	highly	translucent	ceramics,	which	make	them	excellent	choices	for	aesthetic	purposes.	Therefore,	they	are	indicated	for	veneers,	inlays,	onlays	and	crowns.		
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2.1.4.4.					IPS	Empressâ	2	(Ivoclar	Vivadent)		This	material	is	lithium-disilicate-based	ceramic	(0.5-4	µm),	which	is	processed	by	 the	 lost	wax	and	hot-pressing	 technology.	 It	was	manufactured	 to	serve	as	crowns	and	three-unit	fixed	prostheses	for	anterior	and	premolar	regions.			
















Ivoclar	Vivadent	 Stand-by	temp.	 Temp.	increase	 Holding	temp.	 Holding	time	°C	 °C/Min	 °C	 mm:ss	
IPS	e.max	Press	 100g	 700	 60	 915	 15:00	200g	 700	 60	 920	 25:00			In	 general,	 glass-ceramics	 exhibit	 excellent	 thermal	 shock	 resistance,	 good	mechanical,	physical	and	outstanding	aesthetic	properties	compared	to	other	all-ceramic	dental	materials.	However,	they	are	not	suitable	to	be	used	in	posterior	regions	due	to	their	inadequate	strength	and	toughness.		
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2.1.4.6.					Zirconia,	ZrO2	(Y-TZP)	Generally,	zirconia	was	introduced	as	a	biomedical	grade	material	to	overcome	the	brittleness	of	alumina	and	the	consequential	failure	of	orthopaedic	implants	(Christel	et	al.,	1988).	Presently,	zirconia-based	ceramics	are	considered	one	of	the	most	thoroughly	investigated	materials	for	many	reasons	(Denry	and	Kelly,	2008).	 The	 optimal	 mechanical	 properties	 of	 zirconia	 as	 well	 as	 its	biocompatibility	are	the	main	factors	for	its	wide	use	in	biomedical	applications.	The	 chemical	 composition	 of	 zirconia	 is	 a	 crystalline	 dioxide	 of	 zirconium.	 In	regard	 to	 temperature-dependent,	 there	 are	 three	 different	 crystallographic	structures	of	zirconia:	monoclinic,	tetragonal	and	cubic.	In	1969,	zirconium	oxide	was	applied	for	the	first	time	in	the	medical	field	for	orthopaedic	applications.	Specifically,	it	was	introduced	to	replace	titanium	or	aluminium	materials	for	hip	head	replacement	(Helmer	and	Driskell,	1969).			In	the	late	20th	century,	the	interest	in	aesthetics	and	the	concern	of	reducing	the	allergic	 and	 toxic	 effects	 of	 particular	 alloys,	 researchers	have	been	 exploring	new	 materials	 that	 are	 tooth-coloured	 as	 well	 as	 metal-free	 restorations.	Therefore,	the	optimum	properties	have	nominated	the	worthiness	of	applying	zirconia	 as	 dental	 prostheses,	 where	 aesthetic	 and	 strength	 are	 essential	(McLean,	2001).			Many	steps	are	necessary	in	order	to	prepare	a	dental	restoration	from	dental	zirconia,	which	include	designing,	soft	machining,	sintering	and	hard	machining	with	an	additional	staining	or	veneering	step	as	required	(Denkena	et	al.,	2017).	This	approach	uses	a	porous	blank,	which	is	easy	to	be	machined	to	achieve	the	
	Chapter	2:	Literature	Review	 	
	33		
required	morphology	and	geometry	of	the	restoration.	Afterwards,	the	material	is	fired	in	a	furnace	in	order	to	be	densified.	The	densification	of	zirconia	powder	requires	a	temperature	of	approximately	1600°C	in	order	to	be	used	as	dental	restorative	applications	(Noort,	2013).	The	shrinkage	that	occurs	during	firing	is	about	20	vol%,	thus	this	should	be	taken	into	account	during	designing.			Despite	the	fact	that	there	are	many	available	types	of	zirconia-based	ceramics,	yttria-stabilized	 zirconia	 (Y-TZP)	 is	 the	 actual	 material	 used	 for	 restorative	dentistry.	Although	the	amount	of	yttria	is	quite	small	(3	wt%)	(Shah	et	al.,	2008),	its	 presence	 is	 extremely	 vital.	 Commonly,	 zirconia	 is	 formed	 of	 a	 stable	monoclinic	 phase	 at	 room	 temperature;	 the	 addition	 of	 yttria	 leads	 the	transformation	of	the	monoclinic	phase	to	a	metastable	tetragonal	crystal	phase	at	 room	 temperature,	 even	 though	 monoclinic	 phase	 is	 favourable	thermodynamically	(Deville	et	al.,	2005).	In	the	case	of	the	presence	of	a	small	defect	such	as	a	crack,	which	could	progress	from	the	tip	and	grow	through	the	material	as	a	result	of	relieving	the	localized	stress.	However,	the	stress	at	the	crack	 tip	 causes	 the	 metastable	 tetragonal	 crystal	 structure	 of	 the	 yttria-stabilized	 zirconia	 to	 transform	 to	 the	 more	 stable	 monoclinic	 form	 (Noort,	2013).	In	other	words,	this	transformation	is	an	increase	in	volume	that	in	effect	closes	 the	 crack	 and	 inhibits	 its	 propagation.	 Thus,	 yttria-stabilized	 zirconia	ceramic	does	not	only	display	a	very	high	strength	but	also	a	very	high	toughness,	which	makes	it	more	resistant	to	crack	growth	compared	to	other	ceramics.	This	particular	characteristic	makes	Y-TZP	an	excellent	possible	choice	as	a	core	for	both	crowns	and	bridge	frameworks.		
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a)	Monolithic	ceramic	for	single-unit	anterior	or	posterior	prostheses	adhesively	cemented.	 100	 <100	b)	Partially	or	fully	covered	substructure	ceramic	for	single-unit	anterior	or	posterior	prostheses	adhesively	cemented.	 100	 <2000	
3	
a)	Monolithic	ceramic	for	single-unit	anterior	or	posterior	prostheses	and	for	three-unit	prostheses	not	involving	molar	restoration	adhesively	or	non-adhesively	cemented.	 300	 <100	b)	Partially	or	fully	covered	substructure	for	single-unit	anterior	or	posterior	not	involving	molar	restoration	adhesively	or	non-adhesively	cemented.	 300	 <2000	
4	



















2.2.1.1.					Chemical	solubility	testing	method	The	development	of	dental	restorative	ceramics	is	directed	toward	exploration	for	enamel-like	materials	in	their	strength,	toughness	and	chemical	resistance,	to	produce	materials	with	extend	the	average	lifespan	of	ceramic	restorations.	One	of	the	most	significant	parameters	linked	with	the	determination	and	use	of	any	dental	 ceramic	 is	 its	 solubility	 in	 the	oral	 cavity.	 Chemical	 solubility	 of	 dental	ceramics	 can	 be	 defined	 as	 chemical	 dissolution	 of	 materials	 in	 water	 by	releasing	 soluble	 components	 under	 some	 circumstances	 (Clark	 and	 Zoitos,	1992).			In	general,	dental	ceramics	might	be	subjected	to	chemical	dissolution	in	the	oral	environment.	 This	 dissolution	 could	 alter	 the	 structural	 integrity	 of	 dental	ceramics	in	different	forms.	It	has	been	found	that	dental	ceramic	restorations	had	signs	of	loss	of	lustre,	surface	degradation	and	roughness	due	to	the	effects	of	 the	 complex	 oral	 environment	 (Esquivel-Upshaw	 et	 al.,	 2013).	 This	 could	increase	 in	 plaque	 retention,	 wear	 of	 the	 ceramic	 restorations	 and	 opposing	dental	structures	(Anusavice,	1992).			In	general,	the	chemical	durability	of	dental	ceramics	is	good	(Kukiattrakoon	et	al.,	2010).	However,	there	are	many	types	of	dental	ceramics,	which	differ	in	the	chemical	 composition	 and	 microstructure.	 These	 variabilities	 therefore	 give	different	 chemical	 properties	 of	 dental	 ceramics.	 These	materials	 can	 only	 be	applied	as	dental	restorations	if	they	are	durable	within	the	oral	environment.	Moreover,	 the	 variability	 of	 the	 chemical	 solubility	 levels	 of	 dental	 ceramics	determines	the	suitability	of	their	applications	as	restorative	materials	within	the	
	Chapter	2:	Literature	Review	 	
	41		
oral	 cavity	 according	 to	 the	 ISO	 6872	 (BS	 ISO,	 2015)	 as	 shown	 in	 Table	 3.	Nevertheless,	 the	 future	of	restorative	dentistry	seems	to	be	directed	towards	those	 materials	 due	 to	 their	 superior	 aesthetic,	 mechanical	 and	 chemical	durability	characteristics.			These	 unique	 properties	 of	 glass-ceramics	 are	 linked	 commonly	 to	 the	development	 of	 the	 multiphase	 crystalline	 microstructure	 (Clark	 and	 Zoitos,	1992).	It	is	crucial	to	identify	the	role	of	each	phase,	which	helps	to	anticipate	the	behaviour	of	glass-ceramics.	The	multiphase	system	has	two	subdivisions:	1)	the	amorphous	phase,	and	2)	the	crystalline	phase.			A	 number	 of	 studies	 in	 regards	 to	 glass	 corrosion	 have	 presented	 the	mechanisms	of	corrosion	that	fall	into	five	types	(Clark	and	Zoitos,	1992):	1)	ion	exchange:	between	alkali	ions	from	the	glass	and	hydrogen	from	the	solution,		2)	total	dissolution:	breakdown	of	the	silicate	microstructure	at	the	glass	surface,	3)	 saturation	 and	 precipitation:	 the	 concentration	 of	 elements	 in	 the	 solution	reaches	 the	 saturation	 limit	 and	 precipitate	 on	 the	 glass	 surface,	 4)	 pitting:	uneven	 attack	 of	 the	 surface	 of	 the	 glass	 due	 to	 stress	 concentration	 or	heterogeneities,	and	5)	weathering:	water	vapour	exposure	to	the	glass	surface	with	or	without	condensation.	For	glass-ceramics,	it	is	often	the	glass	remnants	that	 exist	 within	 the	 microstructure	 after	 crystallisation	 that	 are	 the	 most	chemical	soluble	(Stokes	et	al.,	2002).	It	has	been	reported	that	ion	exchange	and	uniform	 dissolution	 reactions	 could	 occur	 by	 immersing	 glass	 in	 an	 aqueous	medium	(Koenderink	et	al.,	2000).			
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Many	 factors	 could	 affect	 the	 rate	 of	 these	 reactions,	 including	 temperature,	solution	 pH	 and	 glass	 composition	 (El-Shamy	 et	 al.,	 1972).	 It	 appears	 that	immersing	 glass	 at	 higher	 pH	 (>9)	 favours	 uniform	 dissolution,	 whilst	 ion	exchange	is	suppressed.	However,	 ion	exchange	becomes	more	dominant	over	uniform	dissolution	at	lower	pHs	(<9).	El-Shamy	(1972)	stated	that	ion	exchange	reaction	 rate	 was	 relative	 to	 the	 square	 root	 of	 time,	 as	 exchanging	 cations’	diffusion	appears	to	control	the	reaction.	Hence,	it	seems	that	as	pH	decreases,	the	glass	dissolution	rate	increases	respectively.				Generally,	 dental	 ceramics	 display	 high	 chemical	 durability,	 which	 can	 be	affected	by	a	number	of	factors,	such	as	the	chemical	composition	of	the	dental	ceramics,	the	nature	of	the	acidic	media,	the	temperature	and	the	exposure	time	(Milleding	et	al.,	2002).	The	chemical	composition	of	dental	ceramics	can	vary	depending	on	the	percentage	of	the	glassy	phase	and	crystalline	phase	(Babu	et	al.,	2015).	Thus,	the	chemical	solubility	mechanism	could	differ	between	different	dental	ceramics.			A	 number	 of	 studies	 investigated	 the	 effects	 of	 acidic	media	 on	 the	 different	phases	 of	 glass-ceramics	 microstructure	 (Berezhnoi,	 1970).	 Their	 findings	showed	that	some	elements	have	high	resistance	to	acidic	media	such	as	quartz,	whereas	 some	 elements	 such	 as	 lithium	 disilicate	 and	 metasilicate	 are	 less	resistant	 to	 acid	 solutions.	 In	 general,	 the	 amorphous	phase	of	 glass-ceramics	dissolves	more	readily,	whilst,	the	crystalline	phase	is	commonly	denser	and	has	minimum	ion	movement	(McMillian,	1964).	Moreover,	it	has	been	stated	that	the	composition,	structure,	volume	fraction	and	grain	size	of	 the	crystalline	phase	
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play	a	major	rule	of	 the	overall	durability	of	glass-ceramics	 (Clark	and	Zoitos,	1992).		However,	these	elements	are	influenced	by	the	composition	of	the	parent	glasses	and	the	process	of	heat	treatments	(Kang	et	al.,	2018).			In	 the	 past	 few	 decades,	 there	 is	 an	 increased	 emphasis	 in	 ceramics	 toward	restorative	dentistry.		Della	Bona	and	Kelly	(2008)	reviewed	the	clinical	evidence	of	all-ceramic	restorations	between	1993	and	2008.	They	found	that	more	than	90	%	of	all-ceramic	restorations	demonstrated	a	success	rate	of	six	years	and	the	major	cause	of	 failure	was	due	to	catastrophic	 fractures.	 	These	fractures	may	occur	due	to	internal	stresses	that	could	be	induced	by	surface	degradation.	This	degradation	 may	 occur	 due	 to	 mechanical	 forces,	 chemical	 attack	 or	 a	combination	of	both	(Anusavice,	1992).			As	 is	 well	 known,	 the	 chemical	 durability	 of	 dental	 ceramics	 is	 an	 important	feature	 that	 affects	 their	 service	performance	within	 the	oral	 environment.	 In	
vitro	studies	have	demonstrated	that	ceramic	materials	are	 liable	to	corrosion	within	 the	 pH	 range	 of	 human	 saliva	 (Anusavice,	 1992,	 Kukiattrakoon	 et	 al.,	2010).	For	this	reason,	the	buffering	capacity	of	saliva	and	the	personal	dietary	habits	have	a	direct	influence	on	the	pH	levels	inside	the	oral	cavity	(Bartlett	et	al.,	2011),	and	thus	the	chemical	durability	of	dental	ceramic	restorations	might	be	 affected	 as	 a	 result.	 Some	 clinical	 investigations	 reported	 that	 ceramic	restorations	had	signs	of	surface	degradation	and	roughness	between	12	and	24	months	(Esquivel-Upshaw	et	al.,	2013).			
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It	has	been	shown	that	the	microstructure	and	the	processing	technique	have	an	impact	on	the	final	properties	of	dental	ceramics	including	chemical	durability.	For	example,	dental	ceramics	containing	quartz	and	pyroxene	are	 less	soluble	than	materials	containing	lithium	metasilicate	and	disilicate	(Kang	et	al.,	2018),	and	 polycrystalline	materials	 such	 as	 Y-TZP	 are	more	 resistant	 to	 dissolution	than	 glass-ceramics	 (McLaren	 and	 Giordano,	 2014).	 Different	 processing	techniques	 appear	 to	 have	 a	 great	 correlation	 to	 the	 success	 or	 the	 failure	 of	dental	ceramics.	It	has	been	reported	that	machined	and	pressed	dental	ceramics	have	shown	better	performance	in	the	oral	environment	than	powder	and	liquid	versions	of	the	same	material	(McLaren	and	Giordano,	2014).		Although	dental	ceramics	are	generally	very	durable	and	resistant	materials	to	electrochemical	corrosion,	they	still	require	a	reliable	test	to	measure	solubility	levels.	In	1978,	the	first	standard	was	introduced	for	measuring	the	solubility	of	dental	 ceramics	 that	 has	 been	 driven	 by	 the	 BSI	 standard	 “BS	 5612:	 Dental	porcelains	for	jacket	crowns”	(BS,	1978).			Historically,	 the	 classical	 feldspathic	 dental	 porcelains	 have	 evolved	 from	European	 tri-axial	 white-ware	 formulations	 (clay,	 quartz	 and	 feldspar).	 The	logical	assumption	would	be	that	the	methodological	origin	of	solubility	tests	is	most	 likely	 related	 to	 this	 industrial	development.	A	good	example	of	 such	an	instance,	 during	 the	 late	 1960s,	 numerous	 industrialised	 countries	 have	determined	regulations	in	order	to	specify	the	limits	of	metal	ion	release	from	the	glazed	ceramic	surfaces	of	cooking	ware	and	tableware	by	using	a	4	%	acetic	acid	solution	(Gould	and	Moss,	1982,	Abou-Arab,	2001).		
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Both	BS	4860	(BS	ISO,	1972)	‘withdrawn’	(for	glazed	ceramic	ware	and	cooking	ware)	 and	 BS	 6748	 (BS	 ISO,	 1986+A1:2011)	 ‘current’	 (for	 glassware,	 glass-ceramic	ware	and	vitreous	enamel	ware)	require	24	±	0.5	h	exposure	to	a	4	%	(v/v)	acetic	acid	solution	at	19-21°C	and	22	±	2°C	respectively.	Moreover,	 the	solubility	 tests	 for	 sanitary-ware	 require	 16	 h	 exposure	 to	 10	 %	 acetic	 acid	solution	at	100°C	(Taylor	and	Bull,	1986).	There	are	many	different	standards	incorporating	 different	 solubility	 testing	 parameters	 including	 reagent,	assessment,	duration,	temperature	and	test	object	as	shown	in	Table	4.																	
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Dental	ceramics	 Total	surface	area	30	cm2	 4	%	acetic	acid	(by	volume)	 Mass	loss	(µg/cm2)	 16	h	at	80	±	3°C		
	Chapter	2:	Literature	Review	 	
	47		
Currently,	 the	 chemical	 durability	 of	 dental	 ceramics	 is	 measured	 by	 a	standardised	testing	method	ISO	6872	(BS	ISO,	2008,	BS	ISO,	2015)	‘Dentistry	-	Ceramic	materials’	 that	 displaced	 the	 old	 standard	 ISO	 6872	 (BS	 ISO,	 1995b)	‘Dental	ceramic’.	The	standard	determined	the	level	of	accepted	solubility	of	both	directly	and	indirectly	exposed	dental	ceramics	“enamel	and	core	classes”	to	the	oral	environment.	Enamel	class	dental	ceramics	should	display	up	to	100	µg/cm2	for	maximum	solubility	level,	whereas	core	class	ceramics	must	show	less	than	2000	µg/cm2.	These	values	have	been	specified	in	ISO	6872:1995,	however	the	rationale	behind	them	have	not	been	reported.			The	ISO	standard	chemical	solubility	testing	method	has	standard	parameters,	which	 are	 the	 test	 solution,	 temperature	 and	 duration.	 Even	 though	 these	parameters	do	not	simulate	the	exact	condition	found	in	the	oral	environment,	they	mostly	 simulate	 the	 aggressive	 chemical	 condition	 that	 can	 be	 found	 in	mouth.	The	methodology	of	ISO	6872	uses	4	%	(v/v)	acetic	acid	solution	as	a	test	medium.	It	used	to	be	4	%	(m/m)	in	regards	to	the	BSI	5612	(BS,	1978)	then	it	was	changed	to	a	volume	ratio	in	the	new	ISO	standard.	The	rationale	behind	ISO	selection	of	this	particular	solution	with	specific	concentration	was	dependent	on	the	range	of	pH	in	the	oral	environment.	The	Food	and	Drug	Administration	(FDA,	2003)	has	analysed	the	acidity	range	of	foods	that	are	habitually	consumed	varies	between	pH	1.8	–	2.0,	regarding	citrus	fruits	and	vegetables,	whereas	food	such	as	prawns	demonstrate	a	pH	extend	between	7.0	–	7.3.	Comparatively,	the	pH	of	 4	%	 (v/v)	 acetic	 acid	 solution	 is	 about	 2.4,	which	place	 it	 as	 a	 suitable	representative	of	low	pH	levels	that	would	be	present	inside	the	oral	cavity.			
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The	ease	of	reproduction	 is	an	additional	 factor	 in	 its	accreditation	as	the	test	medium.	 In	 spite	 of	 that,	 many	 researchers	 have	 tried	 using	 other	 more	specialised	media	for	solubility	testing.	For	instance,	hydrochloric	acid	has	been	used	 to	 test	 the	 chemical	 solubility	 of	 dental	 ceramics	 (Curkovic	 and	 Jelaca,	2009),	as	well	as	de-ionized	still	water,	artificial	saliva	and	pH	1.0	buffer	solution	(Anusavice	 and	 Zhang,	 1998).	 McLean	 (1979)	 analysed	 solubility	 levels	 by	soaking	porcelain	samples	for	four	days	in	0.25	%	(v/v)	HCl	at	room	temperature	rather	than	involving	acetic	acid.	Although	artificial	saliva	has	been	used	as	a	test	medium	by	some	investigators,	the	standardisation	of	its	preparation	appears	to	be	challenging	among	researchers.	Additionally,	the	low	effect	of	artificial	saliva	that	does	not	 truly	display	 any	 erosive	 actions	 compared	 to	 actual	 conditions	inside	the	oral	cavity.	Likewise,	Kukiattrakoon	et	al.	(2010)	experimented	using	several	dental	ceramic	types	with	different	acidic	media	(citrate	buffered,	mango	and	pineapple	juices),	and	used	de-ionized	water	as	a	control	group.			Even	though	these	previous	articles	were	not	criticising	the	standard	chemical	solubility	 method	 directly,	 the	 fact	 that	 some	 researchers	 are	 performing	different	tests	for	chemical	solubility	shows	the	lack	of	confidence	in	the	current	standard	test.	Although,	the	use	of	dental	ceramics	goes	back	to	many	years,	the	ISO	6872	solubility	method	have	not	received	much	criticism	in	the	 literature.	Commonly,	mimicking	 the	 oral	 cavity	 environment	 is	 a	 sophisticated	 task	 for	most	in	vitro	studies,	including	chemical	solubility	testing.			
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Another	test	factor	is	controlled	temperature.	Both	latest	versions	of	ISO	6872	(BS	ISO,	1995b,	BS	ISO,	2008,	BS	ISO,	2015)	specify	80°C	as	the	test	temperature.	It	 is	 claimed	 that	 80°C	 is	 a	 representative	 of	 an	 accelerated	 medium	 to	 test	solubility	compared	to	the	oral	environment,	which	commonly	varies	between	5	–	55°C.	De	Rijk	et	al.	(1985)	reported	that	the	accelerated	solubility	test	showed	effects	on	ceramic	samples	after	1	week	immersion	at	80°C	in	4	%	acetic	acid	as	well	as	the	immersion	in	artificial	saliva	at	22°C	for	almost	22	years.		The	BSI	and	ISO	standards	for	dental	ceramics	use	a	16-hour	duration	for	the	test	(in	4%	v/v	acetic	acid	at	80°C).	The	reasons	for	this	duration	are	not	published,	but	 it	 is	 believed	 that	 the	 timings	 were	 chosen	 to	 offer	 a	 balance	 between	 a	reasonable	timeframe	for	collecting	data	and	a	measurable	mass	loss	for	typical	dental	ceramics	(16	hours	is	‘overnight’,	5pm	to	9am,	and	so	allows	for	daily	test	cycles).				Before	2008,	 investigators	used	to	measure	the	levels	of	chemical	solubility	of	dental	 restorative	ceramics	by	applying	 the	 former	 ISO	6872	(BS	 ISO,	1995b).	The	standard	specified	10	discs	with	12	±	0.2	mm	(diameter)	and	1.6	±	0.1	mm	(thickness)	for	the	chemical	solubility	test	using	refluxing	method.	The	rationale	of	modifying	 this	method	was	 due	 to	 the	 issues	 that	 appear	with	 inadequate	exposing	of	the	samples’	surfaces	to	acetic	acid	solution,	which	would	result	in	irreproducible	 outcomes.	 This	methodology	was	 subjected	 to	 clumping	 of	 the	specimens	 inside	 test	 apparatus	 that	 lead	 to	 unequal	 exposure	 of	 the	 tested	specimens’	surfaces	due	to	the	effect	of	the	refluxing	process	that	would	be	an	additional	factor	for	outcomes’	variability	(Stokes	et	al.,	2002).		
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After	 2008,	 measuring	 the	 chemical	 solubility	 of	 dental	 ceramics	 is	 derived	through	the	specified	method	of	the	ISO	6872	(BS	ISO,	2008,	BS	ISO,	2015).	The	obvious	difference	between	the	two	versions	is	that	the	current	method	specifies	only	the	total	surface	area	(≥	30	cm2)	but	determines	neither	the	test	specimens’	morphology	nor	geometry.	This	modification	may	have	a	considerable	impact	on	the	reproducibility	of	the	test	outcomes.	In	addition,	the	static	solution	method	replaces	 the	 refluxing	 system	 of	 the	 old	 version	 in	 order	 to	 enhance	 the	reproducibility.	The	uncertainty	of	the	solubility-testing	method	is	not	a	recent	matter.	Fathi	et	al.	(2014)	reported	that	the	chemical	solubility	value	for	apatite-mullite	glass-ceramic	was	higher	under	the	previous	ISO	standard	method	than	the	 new	 standard,	 which	 could	 be	 due	 to	 the	 changing	 of	 the	 specimens’	specification.		
	The	 origin	 of	 the	 ISO	 solubility	method	 refers	 to	 the	 BSI	 standard	 (BS	 5612)	“Dental	porcelains	for	jacket	crowns”.	As	already	stated,	the	chemical	solubility	test	of	this	standard	was	based	on	refluxing	porcelain	specimens	for	16	h	in	4	%	(m/m)	acetic	acid	in	water.	The	chemical	solubility	test	of	the	previous	standard	ISO	 6872	 (BS	 ISO,	 1995b)	 	 was	 similar	 to	 the	 BS	 method,	 the	 ISO	 standard	however	stipulates		4	%	(v/v)	acetic	acid	in	water	of	grade	3,	as	defined	in	ISO	3696	(BS	ISO,	1995a).	The	solubility	test	of	the	ISO	standard	(BS	ISO,	2008,	BS	ISO,	2015)	is	similar	to	the	previous	standard,	except	replacing	refluxing	solution	by	 static	 solution	 method,	 where	 specimens	 with	 specific	 surface	 area	 are	immersed	for	16	h	in	4	%	acetic	acid	solution	at	80°C.		None	of	these	methods	provide	sources	about	the	methodological	origins	of	chemical	solubility	testing.			 	
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The	lack	of	confidence	of	the	ISO	solubility-testing	standard	can	be	recognised	within	 the	 scope	 of	 dental	 materials.	 Many	 researchers	 have	 developed	alternative	methods	 for	 chemical	 solubility	 assessment	 of	 dental	 ceramics	 as	stated	previously	(McLean,	1979,	Anusavice	and	Zhang,	1998,	Kukiattrakoon	et	al.,	2010).	However,	 some	researchers	have	applied	 the	 ISO	method	of	 testing	solubility	 of	 some	 ceramic	 materials.	 For	 instance,	 a	 comparison	 study	demonstrated	 the	chemical	 solubility	of	 three	different	 “core	class”	porcelains	(Proceraâ,	 IPS	 Empressâ	 and	 In-Ceramâ),	 and	 concluded	 that	 the	 last	 type	displayed	 the	 highest	 solubility	 level	 (Esquivel-Upshaw	 et	 al.,	 2001).	GeisGerstorfer	 and	 Schille	 (1997)	 investigated	 different	 dental	 ceramics	 and	reported	that	most	showed	acceptable	chemical	solubility	values	as	stated	in	the	standard.	






















The	aim	of	 this	research	 is	 to	 investigate	 the	validity	of	 the	 ISO	6872	(BS	ISO,	2015)	 ‘Dentistry	 -	 Ceramic	materials’	 for	 chemical	 solubility	 and	 to	develop	 a	methodology	 for	 testing	 the	chemical	 solubility	of	dental	 ceramics	 in	order	 to	improve	the	reproducibility	of	solubility	findings.		
3.2.					Objectives	
• Review	 the	 existing	 literature	 on	 (a)	 the	 different	 chemical	 solubility	methods	 for	 dental	 ceramics,	 and	 (b)	 relate	 them	with	 other	 chemical	solubility	methods	of	similar	materials.		
• Design	and	conduct	a	verification	study	of	a	dental	ceramic	material	with	a	specific	standard	morphology	and	geometry	to	obtain	evidence	of	the	reliability	of	the	current	ISO	standard	method.		
• Conduct	a	comparative	benchmarking	study	of	different	types	of	dental	ceramics	and	different	geometry	with	the	exact	methodology	design	of	the	verification	study.		
• Design	 and	 conduct	 experimental	 studies	 with	 different	 shapes	 and	different	geometries.		
• Observe	 and	 investigate	 the	mechanical	 and	 physical	 properties	 of	 the	specimens’	surfaces	pre	and	post-solubility	testing.	





















The	test	specimens	were	prepared	to	the	required	dimensions	using	an	ISOMet	1000	(Buehler,	Warwick,	UK)	sectioning	saw	and	were	cut	precisely	using	the	Precision	Diamond	Wafering	Blade	(Buehler,	Warwick,	UK)	(15.2	cm	diameter	x	0.5	mm	thickness).	The	specimens	were	cut	slightly	larger	than	the	required	size	to	allow	for	further	finishing.			The	 surface	 areas	 of	 the	 cubic	 specimens	were	 determined	 by	measuring	 the	dimensions	at	three	different	points	along	each	axis	using	a	Vernier	caliper	(±	0.0005	m)	to	ensure	equal	planes	of	the	specimens’	surfaces,	taking	the	average,	squaring	it	and	multiplying	by	six.			According	to	the	manufacturer	recommendations	(VITA			Zahnfabrik,	2009),	this	material	 should	 be	 finished	 by	 Al2O3	 coated	 flexible	 discs	 and	 polished	 by	Occlubrush	and	diamond	polishing	paste.	However,	this	method	was	found	to	be	time	consuming	and	impractical	to	prepare	large	number	of	specimens	for	this	research.	Therefore,	a	more	feasible	method	was	required.							
	Chapter	4:	Verification	Study	
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According	to	the	ISO	recommendations	as	shown	in	Table	5,	distilled	water	of	grade	3	as	per	ISO	3696	(BS	ISO,	1995a)	was	used	to	wash	the	specimens,	which	were	placed	in	a	clean	and	dry	glass	jar.	The	glass	jar	was	placed	and	dried	at	150	±	5°C	in	a	thermostatically	controlled	oven	for	4	h,	then	removed	and	left	for	15	minutes	 to	 cool.	 The	 specimens	were	weighed	 to	 the	 nearest	 0.1	mg	 using	 a	Mettler	AJ100	Analytical	Balance	(Scientific	Support,	USA).	Plastic	tweezers	were	used	to	limit	the	possibility	of	damage	to	the	specimens.	











































































The	parameters	of	the	current	study	are	already	specified	by	the	ISO	6872	(BS	ISO,	 2015)	 except	 the	 specimen	 geometry	 and	 number	 that	 were	 defined	randomly	as	6	specimens	with	5	cm2	individual	specimen	surface	area	to	perform	the	chemical	solubility	test.	As	stated	before,	Fathi	et	al.	(2014)	has	claimed	that	the	chemical	solubility	values	of	apatite-mullite	glass-ceramics	were	different	by	the	previous	and	the	current	versions	of	ISO	6872	(BS	ISO,	1995b,	BS	ISO,	2008)	due	to	the	lack	of	specimen	specification.	An	important	question	would	be	raised	‘will	other	numbers	or	shapes	of	the	test	specimens	affect	the	solubility	outcomes	or	not?’.	Therefore,	further	investigations	are	required	to	answer	this	question.			
4.7.					Conclusion	

















● This	 experiment	 aims	 to	 study	 the	 effect	 of	 altering	 the	 individual	specimen	surface	area	on	the	chemical	solubility,	whilst	still	conforming	to	ISO	6872	(BS	ISO,	2015).			
5.3.					Objectives	
● To	perform	the	chemical	solubility	test	on	a	selection	of	dental	ceramic	materials	currently	available	in	the	market.		





A	 selection	 of	materials	 and	 sample	 geometries	were	 prepared	 in	 accordance	with	 ISO	6872	(BS	ISO,	2015).	Zirconium	oxide	(Y-TZP,	StarCeram®	Z-Al-Med-HD,	H.C.	Starck,	Germany),	a	 feldspathic	dental	ceramic	(VITABLOCS®	Mark	II,	VITA	 Zahnfabrik,	 Bad	 Säckingen,	 Germany),	 a	 lithium	 disilicate	 glass-ceramic	(IPS	e.max®	Press,	Ivoclar	Vivadent,	UK),	a	fluorapatite	glass-ceramic	(IPS	e.max®	ZirPress,	 Ivoclar	 Vivadent,	 UK),	 and	 a	 hybrid	 ceramic	 (ceramic	 +	 resin-based	composite)	(CerasmartTM,	GC	Europe,	Belgium)	were	used	in	this	study	as	shown	in	Table	7.		
	






Table	7:	Table	shows	materials	were	selected	as	being	representative	of	different	categories	of	dental	ceramics	and	their	characteristics	(H.	C.	Starck,	2017,	VITA	Zahnfabrik,	 2009,	 GC	 Europe,	 2019,	 Ivoclar	 Vivadent	 2018,	 Ivoclar	 Vivadent	2005).	
Category	 Material	 Manufacturer	 Composition	 Characteristics	
Sintered	






































C1.5	 1.5	 20	 √	 √	 √	 √	 √	
C3.0	 3	 	 10		 √	 √	 √	 √	 √	
C4.3	 4.3	 7	 √	 √	 √	 √	 √	
C6.0	 6	 5	 √	 √	 √	 √	 √	
C7.5	 7.5	 4	 √	 √	 		 	 √	















The	surface	areas	and	surface	roughness	of	the	cubic	specimens	of	all	the	study	materials	 were	 determined	 as	 mentioned	 in	 Chapter	 4.	 As	 each	 group	 had	 a	different	 individual	 surface	 area,	 each	 group	 required	 a	 different	 number	 of	specimens	 to	 fulfil	 approximately	 the	 required	 total	 surface	 area.	 This	 was	applied	to	all	of	the	chemical	solubility	tests	in	this	project.		
5.4.1.					Sample	preparation	




graduated	steps	of	P600	to	P1000	(P600	for	30	seconds,	P800	for	30	seconds,	and	finally	P1000	for	30	seconds).	The	sintering	process	was	performed	using	a	dental	 sintering	 furnace	 (Ceramill®	 Therm,	 Amann	 Girbach,	 Germany).	 The	furnace	was	set	according	 to	 the	manufacturer	recommendations	as	shown	 in	Table	9.		
 
Table	9:	The	table	shows	the	sintering	parameters	of	StarCeram®	Z-Med.	Source:	User	guide	for	StarCeram®	Z-Med	dental	zirconia	(H.C.	Starck,	Germany).	
	 Temp	rise/min	 Hold	 Temp	rise/	min	 Hold	temp	time	 Temp	rise/min	 Cooling/min	
Monolithic	








						3 cm    	




5.4.1.2.					Feldspar	ceramic	(VITABLOCS®	Mark	II,	VMII)	VITABLOCS	Mark	II	dental	ceramic	(VITA	Zahnfabrik,	Bad	Säckingen,	Germany),	a	popular	 feldspathic	dental	 ceramic	was	 chosen	due	 to	 its	prevalence	on	 the	market	and	suitability	for	CAD/CAM	milling.	The	specimens	were	prepared	and	finished	 to	 the	 required	 geometries	 as	 detailed	 in	 Chapter	 4.	 	 Five	 specimen	groups	(C1.5,	C3.0,	C4.3,	C6.0	and	C7.5)	of	VMII	were	prepared	in	accordance	with	the	individual	surface	area	as	illustrated	in	Table	8	(see	page	72).			
5.4.1.3.					Lithium	disilicate	glass-ceramic	(IPS	e.max®	Press,	Ivoclar	
Vivadent)		IPS	e.max	Press	was	chosen	as	a	representative	lithium	disilicate	and	pressable	dental	ceramic.	The	fabrication	process	for	this	material	was	performed	using	a	hot	pressing	 technique	to	obtain	an	authentic	material	structure.	The	selected	specimen	morphology	was	designed	for	various	required	geometries	using	CAD	(Tinkercad,	 USA),	 and	milled	 in	 a	 clean-burning	wax	 using	 a	 DWX-50	milling	machine	(Roland	DG	Corporation,	UK).		
	Chapter	5:	Investigating	the	Effect	of	Individual	Specimen	Size	
1)	Material:	99.6	%	aluminium	oxide,	grain	size:	50	µm	
The	 wax	 patterns	 were	 encased	 in	 IPS	 PressVEST	 Speed	 Powder	 investment	material	(Ivoclar	Vivadent,	UK)	and	were	left	for	30	minutes	as	per	manufacturer	recommendations.	 The	 investment	 moulds	 were	 then	 placed	 in	 a	 burn-off	furnace	(Vecstar	Limited,	UK)	for	nearly	1	hour	to	burn	off	all	the	wax	patterns.	The	ingots	were	pressed	at	(915°C)	in	the	ceramic	furnace	Programat	EP	3000	(Ivoclar	 Vivadent,	 UK),	 which	 has	 been	 incorporated	 with	 the	 combination	furnace	 software	 for	different	materials	 (Ivoclar	Vivadent,	 2016).	The	moulds	were	removed	and	cooled	for	60	minutes.	The	ceramic	specimens	were	retrieved	using	 sand	 blasting1	 (BEGO	 Korox	 50,	 Germany).	 Each	 specimen	 surface	was	finished	and	polished	using	the	same	as	performed	in	the	verification	study	in	Chapter	4.	




5.4.1.4.					Fluorapatite	glass-ceramic	(IPS	e.max®	ZirPress,	Ivoclar	Vivadent)		IPS	 e.max	 ZirPress	was	 chosen	 as	 a	 representative	 fluorapatite	 and	pressable	dental	ceramic.	The	specimens	were	prepared	and	finished	as	performed	with	IPS	e.max	Press	(Ivoclar	Vivadent,	UK).	Four	specimen	groups	(C1.5,	C3.0,	C4.3	and	C6.0)	of	IPS	e.max	Zirpress	were	prepared	in	accordance	with	the	individual	surface	areas	as	 illustrated	 in	Table	8	 (see	page	72)	using	 the	manufacturer’s	recommended	methods	 as	 performed	with	 IPS	 e.max	Press	 (Ivoclar	Vivadent,	UK).		
	
5.4.1.5.					Cerasmartâ	–	Hybrid	ceramic	(silica	~70	wt%	+	composite	resin	







































C1.5	 20	 1.5	 63	 63	 66	 64	 ±	2	
C3.0	 10	 3.0	 53	 56	 56	 55	 ±	2	
C4.3	 7	 4.3	 46	 46	 49	 47	 ±	2	
C6.0	 5	 6.0	 40	 43	 40	 41	 ±	2	
C7.5	 4	 7.5	 33	 36	 33	 34	 ±	2	




	Figure	 5:	 The	 dotted	 line	 demonstrates	 the	 maximum	 acceptable	 chemical	solubility	(100	µg/cm2)	for	enamel	ceramics	according	to	the	ISO	6872	(BS	ISO,	2015).	The	graph	shows	the	average	chemical	solubility	of	the	cubic	groups	of	Y-TZP	 (bars	 represent	 standard	 deviation),	 (n=3).	 Asterisks	 indicate	 significant	difference	between	groups,	*p	<	0.05.																					







































The	chemical	solubility	values	of	VMII	were	varied	among	the	four	tested	groups	as	 shown	 in	 Table	 11.	 A	 downward	 trend	 in	 chemical	 solubility	 value	 with	increasing	individual	sample	size	was	observed.	As	VMII	material	is	indicated	for	use	 as	 an	 ‘enamel	 ceramic’,	 it	 should	 show	 a	 solubility	 value	 lower	 than	 100	µg/cm2.	All	groups	of	this	material	exceeded	this	limit.  




















C1.5	 20	 1.5	 404	
C3.0	 10	 3.0	 336	
C4.3	 7	 4.3	 300	
C6.0	 5	 6.0	 242	




















































The	solubility	findings	were	varied	among	the	four	groups	as	shown	in	Table	12.	A	downward	trend	in	chemical	solubility	value	with	increasing	individual	sample	size	was	observed.	As	 this	ceramic	material	 is	 indicated	 for	use	as	an	 ‘enamel	ceramic’,	it	should	show	a	solubility	value	lower	than	100	µg/cm2.	All	groups	of	this	material	exceeded	this	limit	except	group	C6.0. 	
















C1.5	 20	 1.5	 158	
C3.0	 10	 3.0	 152	
C4.3	 7	 4.3	 113	
C6.0	 5	 6.0	 88		
	Figure	 7:	 The	 dotted	 line	 demonstrates	 the	 maximum	 acceptable	 chemical	solubility	(100	µg/cm2)	for	enamel	ceramics	according	to	the	ISO	6872	(BS	ISO,	2015).	The	graph	shows	a	relationship	between	the	chemical	solubility	value	and	the	individual	surface	area	of	IPS	e.max	Press	groups,	(n=1).	Asterisks	indicate	significant	difference	between	groups,	*p	<	0.05.					














































C1.5	 20	 1.5	 117	
C3.0	 10	 3.0	 116	
C4.3	 7	 4.3	 81	
C6.0	 5	 6.0	 49		
	Figure	 8:	 The	 dotted	 line	 demonstrates	 the	 maximum	 acceptable	 chemical	solubility	(100	µg/cm2)	for	enamel	ceramics	according	to	the	ISO	6872	(BS	ISO,	2015).	The	graph	shows	a	relationship	between	the	chemical	solubility	value	and	the	individual	surface	area	of	IPS	e.max	ZirPress	groups,	(n=1).	Asterisks	indicate	significant	difference	between	groups,	*p	<	0.05.					



















































C1.5	 20	 1.5	 -78	
C3.0	 10	 3.0	 -85	
C4.3	 7	 4.3	 -90	
C6.0	 5	 6.0	 -85	
		
		Figure	 9:	 The	 dotted	 line	 demonstrates	 the	 maximum	 acceptable	 chemical	solubility	(100	µg/cm2)	for	enamel	ceramics	according	to	the	ISO	6872	(BS	ISO,	2015).	 The	 graph	 shows	 variable	 chemical	 solubility	 values	 (sorption)	 of	different	 individual	 surface	 areas	 of	 Cerasmart.	 (n=1).	 Asterisks	 indicate	significant	difference	between	groups,	*p	<	0.05.				












































The	sizes	of	specimens	for	cubes	were	slightly	larger	than	they	should	be	to	allow	for	 further	 finishing.	 It	was	 found	 that	 the	 fragility	of	 the	un-sintered	zirconia	required	careful	handling	of	the	specimens	to	maintain	the	required	cubic	shape.	Although	CAD/CAM	provides	an	accurate	shape	of	specimens,	they	still	required	finishing	 to	 have	 consistently	 smooth	 surfaces.	 During	 the	 testing	 procedure,	careful	handling	of	the	ceramic	specimens	by	plastic	tweezers	was	carried	out	to	minimise	any	possible	damage.		The	current	findings	would	indicate	that	the	chemical	solubility	outcomes	of	a	dental	ceramic	are	not	repeatable	due	to	the	lack	of	specification	of	specimens’	geometry	 and	 number	 of	 the	 ISO	 6872	 (BS	 ISO,	 2015).	 However,	 further	investigations	 are	 needed	 in	 order	 to	 obtain	 a	 broader	 understanding	 on	 the	reliability	of	this	method.		
5.7.					Conclusion	































Qualitative	 surface	 microstructure	 analysis	 was	 performed	 pre	 and	 post-solubility	testing	by	selecting	random	specimens	of	Y-TZP	(C6.0),	VMII,	IPS	e.max	Press,	IPS	e.max	ZirPress,	and	Cerasmart	using	a	scanning	electron	microscopy	(SEM)	 (Philips	 LX-20,	 Eindhoven,	 Netherlands).	 First,	 the	 specimens	 were	mounted	 in	 a	 SEM	 pin	 mount	 specimen	 holder	 (TED	 PELLA,	 INC).	 An	 ion	sputtering	 device	 (Evaporation	 unit,	 Edwards,	 UK)	 was	 used	 to	 coat	 the	specimens	with	 a	 thin	 layer	 of	 gold	 before	 the	 scanning	 process	 as	 shown	 in	Figure	10.	Each	presented	SEM	image	in	the	result	section	was	a	representative	of	many	obtained	images	that	showed	similar	findings.		
	Figure	10:	Coated	specimen	with	gold	sputter	coat.		





For	 EDS,	 the	 tested	 specimens	were	 Y-TZP	 cubes.	 One	 specimen	 pre	 and	 one	specimen	 post-solubility	 testing	 were	 prepared.	 A	 thin	 layer	 of	 conductive	carbon	was	applied	on	the	surface	of	all	the	specimens	using	a	sputter-coating	unit	 (Edwards,	 UK).	 The	 specimens	were	 subjected	 to	 SEM	 imaging	 at	 5000x	magnification.	 Three	 regions	 of	 interest	 for	 each	 specimen	were	 obtained	 for	further	 comparison.	 The	 elemental	 compositions	 of	 each	 specimen	 were	determined	by	EDS	analysis	(FEI,	Netherlands).			
6.4.3.					X-ray	Diffractometry	(XRD)	




























	Figure	 15:	 SEM	 image	 of	 VMII	 specimen	 (C6.0)	 pre-solubility	 testing	 shows	 a	smooth	homogenous	surface	and	precise	edge.	Corner	had	some	defects	due	to	possible	physical	handling.	
	
	























































	Figure	 25:	 SEM	 image	 shows	 the	 surface	microstructure	 of	 Y-TZP	 (C6.0)	 pre-solubility	 testing.	 Three	 randomly	 selected	 spectra	 (spectra	 1,	 2	 and	 3)	were	taken	from	the	points	shown	in	the	image.		
















S1	 S2	 S3	 Mean	 S1	 S2	 S3	 Mean	
Zr	 70	 59	 72	 67	 ±	7	 72	 66	 66	 68	 ±	3	
O	 24	 37	 22	 28	 ±	8	 23	 29	 30	 28	 ±	4	
Y	 3	 3	 3	 3	 ±	0.4	 3	 3	 3	 3	 ±	0.4	

















   
   
















   
   































● All	 specimens	of	 tested	materials	 demonstrated	damage	on	 specimens’	surfaces	and	more	around	the	edges	and	corners	as	shown	by	SEM	images.			
● SEM	 findings	 indicated	 that	 the	 highest	 soluble	materials	 are	 the	most	damaged	as	shown	in	VMII	results.		
● It	 can	be	 concluded	 that	 groups	with	 the	 longest	 total	 edge	 length	and	higher	number	of	corners	have	shown	higher	solubility	values	as	group	C1.5	of	all	tested	materials.	
















































































S1.5	 20	 1.5	 36	 35	 32	 35	 ±	2	
S3.0	 10	 3.0	 32	 32	 31	 32	 ±	0.3	
S4.3	 7	 4.3	 31	 30	 30	 30	 ±	1	
S6.0	 5	 6.0	 29	 28	 28	 28	 ±	1	
S7.5	 4	 7.5	 29	 25	 25	 27	 ±	2	




























































	Figure	34:	Chemical	solubility	average	of	both	cubic	and	spherical	groups	of	Y-TZP	(bars	represent	standard	deviation.	SDs	of	S3.0,	S4.3	and	S6.0	are	too	small	to	 be	 seen).	 The	 dotted	 line	 demonstrates	 the	maximum	 acceptable	 chemical	solubility	(100	µg/cm2)	for	enamel	ceramics	according	to	the	ISO	6872	(BS	ISO,	2015),	(n=3).												




























































● To	 determine	 the	 elemental	 composition	 of	 Y-TZP	 by	 performing	 a	solution	analysis.		
● To	 perform	 ICP-OES	 analysis	 on	 test	 solutions	 following	 the	 chemical	solubility	testing.		








Inductively	coupled	plasma	optical	emission	spectrometry	(ICP-OES)	was	used	in	this	study	to	determine	the	chemical	composition	of	the	solutes	after	testing,	and	after	prolonged	exposure.	To	determine	 the	elemental	composition	of	 the	zirconia	 specimens’	 and	 compare	 it	 to	 the	 manufacturer’s	 data	 (Table	 17)	powders	were	collected	after	milling	and	dissolved	into	a	mixture	of	sulphuric	and	hydrofluoric	acids	in	a	digestion	bomb	at	200°C	and	the	dissolved	solutions	were	analysed	using	ICP-OES.	To	determine	whether	acetic	acid	would	dissolve	the	zirconia	specimens	were	added	to	4	%	(v/v)	acetic	acid	solution	in	a	digestion	bomb	at	200°C	and	 the	 solution	was	 analysed	using	 ICP-OES.	These	 solutions	were	then	passed	through	an	8µm	pore	size	filter	(Whatman®,	Grade	540)	and	re-analysed	 to	 determine	 if	 particulate	 zirconia	 was	 present	 in	 the	 solution.	Inductively	coupled	plasma	Mass	spectrometry	(ICP-MS)	was	also	used	to	detect	low	limits	of	elements	in	this	project	due	to	its	high	detection	limits.		













































C1.5/16-h	 C10/16-h	 C1.5/7-days	 C10/7-days	
Al	 0.204	 0.158	 0.725	 0.186	
Na	 3.38	 1.97	 10.8	 4.05	
B	 1.96	 1.32	 9.23	 2.19	
Ba	 0.010	 0.003	 0.014	 0.005	
Ca	 0.386	 0.244	 0.812	 1.41	
Si	 3.69	 1.43	 9.48	 1.45	
Fe	 0.051	 0.029	 0.242	 0.051	
Sr	 0.001	 0.002	 0.003	 0.004	
K	 0.41	 0.24	 1.15	 0.64	
Mg	 0.031	 0.019	 0.061	 0.044	
Mn	 0.001	 0.001	 0.003	 0.002	
Y	 0.056	 0.050	 0.077	 0.042	
Zn	 0.023	 0.017	 0.048	 0.042	
Zr	 0.006	 0.011	 0.049	 0.021	
Hf	 <0.005	 <0.005	 <0.005	 <0.005	
























1	 1571		 ±	34	 1271		 ±	44	
2	 1578		 ±	83	 1269		 ±	50	
3	 1626		 ±	34	 1256	 ±	80	
4	 1623		 ±	22	 1272	 ±	26	
5	 1609	 ±	49	 1274	 ±	45	
6	 1618		 ±	49	 1244		 ±	55	
7	 1584		 ±	63	 1271		 ±	74	
8	 1599		 ±	56	 1264		 ±	68	
9	 1625		 ±	107	 1270		 ±	41	









1	 556		 ±	33	 398		 ±	29	
2	 532		 ±	8	 378		 ±	30	
3	 550		 ±	33	 385		 ±	33	
4	 539		 ±	5	 396		 ±	14	
5	 528		 ±	11	 388		 ±	29	
6	 547		 ±	29	 381		 ±	20	
7	 538		 ±	17		 389		 ±	29	
8	 542		 ±	31	 394		 ±	11	
9	 535		 ±	5	 390		 ±	19	






	Figure	35:	 The	difference	 of	 the	 average	hardness	 values	 of	 Y-TZP	 specimens	before	 and	 after	 the	 chemical	 solubility	 tests	 is	 significant	 (bars	 represent	standard	deviation).	The	alpha	value	(p)	was	set	at	0.05.				









these	elements,	the	presence	of	yttrium	indicates	a	local	loss	of	surface	stability	(Kvam	 and	 Karlsson,	 2013).	 Yttrium	 oxide	 actually	 plays	 a	 significant	 role	 to	stabilize	the	tetragonal	phase	of	Y-TZP;	any	loss	of	yttrium	would	initiate	the	(t-m)	 phase	 transformation	 that	 could	 create	 internal	 stresses	 and	 impair	 the	mechanical	properties	(Mukaeda	et	al.,	2012,	Gui	and	Xie,	2016).	Therefore,	this	would	 indicate	 that	 the	 surfaces	 of	 Y-TZP	 specimens	 are	 affected	 by	 an	immersion	in	the	4	%	acetic	acid	for	extended	durations.		















































● To	 perform	 the	 new	 optimised	 method	 using	 cubic	 and	 spherical	specimens	as	performed	in	the	previous	experiments	on	Y-TZP.	This	was	to	 investigate	 the	 effect	 of	 altering	 the	 individua	 surface	 area	 and	 the	morphology	on	the	chemical	solubility	values	of	the	optimised	method.	
● To	perform	the	method	on	one	of	the	previously	tested	dental	ceramics	(VMII)	in	Chapter	5	and	compare	the	findings.		
● To	 repeat	 each	 test	 three	 times	 to	 determine	 the	 variability	 in	 the	measurements.	


























































C1.5	 20	 1.5	 23	 26	 23	 24	 ±	2	
C3.0	 10	 3.0	 26	 23	 23	 24	 ±	2	
C4.3	 7	 4.3	 23	 23	 23	 23	 ±	0.2	
C6.0	 5	 6.0	 23	 23	 23	 23	 ±	0.1	
C7.5	 4	 7.5	 23	 23	 23	 23	 ±	0.1	



























































S1.5	 20	 1.5	 23	 23	 23	 23	 ±	0.3	
S3.0	 10	 3.0	 22	 22	 22	 22	 ±	0.04	
S4.3	 7	 4.3	 22	 22	 22	 22	 ±	0.1	
S6.0	 5	 6.0	 23	 22	 22	 22	 ±	0.1	
S7.5	 4	 7.5	 26	 23	 23	 24	 ±	2	




	Figure	 38:	 The	 dotted	 line	 demonstrates	 the	 maximum	 acceptable	 chemical	solubility	(100	µg/cm2)	for	enamel	ceramics	according	to	the	ISO	6872	(BS	ISO,	2015).	The	graph	shows	the	chemical	solubility	average	of	the	spherical	groups	(Y-TZP)	 using	 the	new	optimised	method	 (bars	 represent	 standard	deviation.	SDs	of	S1.5,	S3.0,	S4.3,	S6.0	and	S10.0	are	too	small	to	be	seen),	(n=3).						































	Figure	 39:	 The	 dotted	 line	 demonstrates	 the	 maximum	 acceptable	 chemical	solubility	(100	µg/cm2)	for	enamel	ceramics	according	to	the	ISO	6872	(BS	ISO,	2015).	 The	 graph	 shows	 the	 chemical	 solubility	 average	 of	 both	 cubic	 and	spherical	 groups	 (Y-TZP)	 using	 the	 new	 optimised	 method	 (bars	 represent	standard	deviation.	SDs	of	C4.3,	C6.0,	C7.5,	C10.0,	S1.5,	S3.0,	S4.3,	S6.0	and	S10.0	are	too	small	to	be	seen).																									
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C4.3	 7	 4.3	 153	 165	 156	 158	 ±	7	
C6.0	 5	 6.0	 165	 142	 158	 155	 ±	12	




	Figure	40:	The	graph	shows	the	chemical	solubility	average	of	the	cubic	groups	(VMII)	using	the	new	optimised	method	(bars	represent	standard	deviation).	The	dotted	 line	 demonstrates	 the	 maximum	 acceptable	 chemical	 solubility	 (100	µg/cm2)	for	enamel	ceramics	according	to	the	ISO	6872	(BS	ISO,	2015),	(n=3).	The	 chemical	 solubility	 values	 of	 VMII	were	 above	150	µg/cm2,	 therefore	 the	scale	is	different.											







































during	 the	 washing	 step.	 It	 is	 possible	 to	 solve	 this	 issue	 by	 considering	 a	thorough	 and	 defined	 washing	 process	 of	 specimens	 in	 order	 to	 provide	 an	effective	foundation	for	comparison.			Even	 though	 each	 specimen	 should	 be	 washed	 thoroughly	 by	 distilled	 water	before	and	after	the	solubility	test,	there	is	a	chance	of	having	loose	particles	on	the	 surfaces	 that	 would	 have	 an	 impact	 on	 the	 final	 results.	 Therefore,	 an	ultrasonic	bath	was	considered	to	clean	specimens	in	this	experiment,	which	is	widely	 used	 in	 some	 different	 sectors	 to	 remove	 loose	 particles	 from	 the	specimens’	surfaces	(Oberlander	et	al.,	2001).	This	cleaning	method	would	keep	any	chipped	off	parts	in	the	flask	throughout	the	washing	and	drying	steps,	which	would	provide	accurate	values	of	the	solubility.			
9.8.					Conclusion	











The	evidence	presented	in	this	work	shows	that	the	current	standard	method	for	measuring	 the	 chemical	 solubility	 of	 dental	 ceramics	 is	 not	 reproducible.	 The	outcomes	could	be	of	interest	to	the	ISO	panel,	manufacturers,	researchers	and	the	 end	 users	 who	 desire	 for	 more	 accurate	 determination	 of	 the	 chemical	durability	of	dental	ceramic	restorations.	Therefore,	some	objectives	were	set	in	order	to	provide	a	broader	understanding	of	the	issues	of	the	current	standard	method	in	this	research.			The	aim	of	the	study	as	described	in	Chapter	3	was	to:	“…	 investigate	 the	 validity	 of	 the	 ISO	 6872	 (BS	 ISO,	 2015)	 ‘Dentistry	 -	Ceramic	materials’	for	chemical	solubility	and	to	develop	a	methodology	for	testing	the	chemical	solubility	of	dental	ceramics	in	order	to	improve	the	reproducibility	of	solubility	findings.	“	From	this	aim	six	objectives	were	identified,	and	they	are	reviewed	below.		




chemical	 solubility	of	dental	 ceramics,	which	 indicates	 the	 lack	of	 trust	of	 the	method	 (Anusavice	 and	 Zhang,	 1998,	 Kukiattrakoon	 et	 al.,	 2010).	 Although,	Stokes	et	al.	(2002)	has	claimed	that	modifying	the	test	specimens	from	discs	to	beads	and	replacing	the	refluxing	system	to	a	static	solution	has	improved	the	reproducibility	of	the	previous	standard	method	ISO	6872	(BS	ISO,	1995b),	this	work	has	shed	light	on	the	issues	of	the	ISO	standard	methods.			In	addition,	Fathi	et	al.	(2014)	has	investigated	the	chemical	solubility	apatite-mullite	 glass-ceramics	 using	 the	 ISO	 standard	 method	 and	 found	 that	 this	material	 has	 shown	 lower	 solubility	 values	 compared	 to	 the	 outcomes	 of	 the	previous	 standard	 method.	 As	 the	 current	 method	 does	 not	 specify	 the	specimen’s	geometry,	more	investigations	were	required	in	order	to	validate	the	reliability	of	this	method.			









The	 forth	 objective	 was	 to	 design	 and	 conduct	 experimental	 studies	 with	different	shapes	and	different	geometries.			It	was	 important	to	 investigate	the	difference	of	the	chemical	solubility	values	between	edged	and	edgeless	specimens.	This	was	obtained	by	testing	spherical	specimens	 of	 Y-TZP	 with	 a	 range	 of	 different	 individual	 surface	 areas	 as	performed	with	cubic	groups.	Interestingly,	the	findings	of	this	study	have	shown	lower	chemical	solubility	values	compared	to	cubic	groups	and	less	variability	between	different	groups.	However,	it	has	been	indicated	that	smaller	individual	specimens	 dissolve	 more	 readily	 even	 when	 spherical	 specimens	 are	 used,	although	the	effect	is	less	pronounced	than	in	cubic	specimens.			








































8) The	 benchmarking	 of	 currently	 available	 dental	 ceramics	 using	 the	revised	test	methodology	demonstrated	that	some	established	materials	(e.g.	 VMII)	 did	 not	 ‘pass’	 according	 to	 the	 thresholds	 described	 in	 the	current	standard.	This	would	not	seem	to	offer	a	cause	for	concern	at	this	stage,	as	there	no	literature	describing	failure	due	to	chemical	solubility	













● Investigate	 the	 current	 acceptable	maximum	chemical	 solubility	 values	for	 both	 enamel	 and	 core	 types	 of	 dental	 ceramics	 by	 studying	 the	relationship	 between	 the	 solubility	 values	 and	 surface	 roughness	 of	specimens.		




















Microbiology,	43,	5721-5732.	Abou-Arab,	A.	A.	K.	(2001).	Release	of	lead	from	glaze-ceramic-ware	into	foods	cooked	by	open	flame	and	microwave.	Food	Chemistry,	73,	163-168.	ADA,	 C.	 S.	 A.	 (2003).	 Direct	 and	 indirect	 restorative	 materials.	 Journal	 of	 the	
American	Dental	Association,	134,	463-472.	Addison,	O.,	Fleming,	G.	J.	P.	&	Marquis,	P.	M.	(2003).	The	effect	of	thermocycling	on	 the	 strength	 of	 porcelain	 laminate	 veneer	 (PLV)	 materials.	 Dental	
Materials,	19,	291-297.	Al-Shammery,	H.	A.	O.,	Bubb,	N.	L.,	Youngson,	C.	C.,	Fasbinder,	D.	J.	&	Wood,	D.	J.	(2007).	The	use	of	confocal	microscopy	to	assess	surface	roughness	of	two	milled	 CAD-CAM	 ceramics	 following	 two	 polishing	 techniques.	 Dental	




Anusavice,	 K.	 J.	 (1992).	 Degradability	 of	 dental	 ceramics.	 Advances	 in	 Dental	
Research,	Vol	6:	Effects	and	Side-Effects	of	Dental	Restorative	Materials,	82-89.	Ardlin,	B.	I.	(2002).	Transformation-toughened	zirconia	for	dental	inlays,	crowns	and	 bridges:	 chemical	 stability	 and	 effect	 of	 low-temperature	 aging	 on	flexural	strength	and	surface	structure.	Dental	Materials,	18,	590-595.	ASTM	Standard	F42	2009.	"Committee	on	Additive	Manufacturing	Technology",	ASTM	International,	West	Conshohocken,	PA,	(2009),	www.astm.org.	Atkinson,	D.	&	Mcmillan,	P.	 (1976).	Glass-ceramics	with	 random	and	oriented	microstructures	.1.	Microstructure	of	a	randomly	oriented	glass-ceramic.	




Bindl,	A.	&	Mormann,	W.	H.	(2004).	Survival	rate	of	mono-ceramic	and	ceramic-core	 CAD/CAM-generated	 anterior	 crowns	 over	 2-5	 years.	 European	




Cattani-Lorente,	M.,	 Scherrer,	 S.	 S.,	 Ammann,	 P.,	 Jobin,	M.	 &	Wiskott,	 H.	W.	 A.	(2011).	 Low	 temperature	 degradation	 of	 a	 Y-TZP	 dental	 ceramic.	Acta	
Biomaterialia,	7,	858-865.	Chevalier,	J.	(2006).	What	future	for	zirconia	as	a	biomaterial?	Biomaterials,	27,	535-543.	Christel,	P.,	Meunier,	A.,	Dorlot,	J.	M.,	Crolet,	J.	M.,	Witvoet,	J.,	Sedel,	L.	&	Boutin,	P.	(1988).	Biomechanical	compatibility	and	design	of	ceramic	implants	for	orthopedic	surgery.	Annals	of	the	New	York	Academy	of	Sciences,	523,	234-56.	Christensen,	R.,	Eriksson,	K.	&	Ploeger,	B.	(2010).	Clinical	performance	of	PFM,	zirconia,	and	alumina	three-unit	posterior	prostheses	[abstract].	Clark,	 D.	 E.	 &	 Zoitos,	 B.	 K.	 (1992).	 Corrosion	 of	 Glass,	 Ceramics	 and	 Ceramic	
Superconductors:	 Principles,	 Testing,	 Characterization	 and	 Applications.,	New	Jersey,	Noyes	Publications.	Conrad,	H.	 J.,	Seong,	W.	 J.	&	Pesun,	G.	 J.	 (2007).	Current	ceramic	materials	and	systems	with	clinical	recommendations:	A	systematic	review.	Journal	of	
Prosthetic	Dentistry,	98,	389-404.	Craig,	R.	B.	(1997).	Restorative	dental	materials,	St.	Louis,	Mosby	Year	Book.	Curkovic,	L.	&	Jelaca,	M.	(2009).	Dissolution	of	alumina	ceramics	in	HCl	aqueous	solution.	Ceramics	International,	35,	2041-2045.	Datzmann,	G.	(1996).	CEREC	VITABLOCS	Mark	II	machinable	ceramic.	Cad/Cim	




Biomedical	 Engineering-Recent	 Developments.	 Proceedings,	 Southern	
Biomedical	Engineering	Conference.	New	York:	Pergamon.	Della	Bona,	A.	&	Kelly,	J.	R.	(2008).	The	clinical	success	of	all-ceramic	restorations.	
J	Am	Dent	Assoc,	139	Suppl,	8S-13S.	Denkena,	B.,	Breidenstein,	B.,	Busemann,	S.	&	Lehr,	C.	M.	(2017).	Impact	of	hard	machining	 on	 zirconia	 based	 ceramics	 for	 dental	 applications.	3rd	 Cirp	
Conference	on	Biomanufacturing,	65,	248-252.	Denry,	I.	&	Kelly,	J.	R.	(2008).	State	of	the	art	of	zirconia	for	dental	applications.	
Dental	Materials,	24,	299-307.	Deville,	S.,	Gremillard,	L.,	Chevalier,	J.	&	Fantozzi,	G.	(2005).	A	critical	comparison	of	methods	 for	 the	determination	of	 the	aging	sensitivity	 in	biomedical	grade	yttria-stabilized	zirconia.	Journal	of	Biomedical	Materials	Research	
Part	B-Applied	Biomaterials,	72B,	239-245.	Doremus,	R.	H.	(1994).	Glass	Science,	New	York,	John	Wiley	&	Sons	Inc.	Douglas,	R.	W.	(1968).	Structure	of	simple	silicate	and	borate	glasses.	Materials	
Research	Bulletin,	3,	83-&.	Duret,	F.	&	Preston,	J.	D.	(1991).	CAD/CAM	imaging	in	dentistry.	Current	opinion	
in	dentistry,	1,	150-4.	Egilmez,	 F.,	 Ergun,	 G.,	 Cekic-Nagas,	 I.,	 Vallittu,	 P.	 K.	 &	 Lassila,	 L.	 V.	 J.	 (2014).	Factors	 affecting	 the	 mechanical	 behavior	 of	 Y-TZP.	 Journal	 of	 the	




Esquivel-Upshaw,	J.	F.,	Chai,	J.,	Sansano,	S.	&	Shonberg,	D.	(2001).	Resistance	to	staining,	flexural	strength,	and	chemical	solubility	of	core	porcelains	for	all-ceramic	crowns.	Int	J	Prosthodont,	14,	284-8.	Esquivel-Upshaw,	J.	F.,	Dieng,	F.	Y.,	Clark,	A.	E.,	Neal,	D.	&	Anusavice,	K.	J.	(2013).	Surface	Degradation	of	Dental	Ceramics	as	a	Function	of	Environmental	pH.	Journal	of	Dental	Research,	92,	467-471.	Fathi,	H.	M.,	Miller,	C.,	Stokes,	C.	&	Johnson,	A.	(2014).	The	effect	of	ZrO2	and	TiO2	on	 solubility	 and	 strength	 of	 apatite-mullite	 glass-ceramics	 for	 dental	applications.	Journal	of	Materials	Science-Materials	in	Medicine,	25,	583-594.	Fauchard,	 P.	 &	 Lindsay,	 L.	 (1946).	The	 Surgeon	 Dentist	 ...	 Translated	 from	 the	
second	edition	...	by	Lilian	Lindsay.	[With	plates.],	London,	Butterworth	&	Co.	FDA	(2003).	U.S.	Food	and	Drug	Administration	-	Safe	Practice	for	Food	Processes	








Advances	in	Materials	Science	and	Engineering.	Giordano,	 R.	 (2006).	Materials	 for	 chairside	 CAD/CAM-produced	 restorations.	











Jones,	F.	R.,	Mulheron,	M.	&	Bailey,	J.	E.	(1983).	Generation	of	thermal	strains	in	grp	.1.	Effect	of	water	on	the	expansion	behavior	of	unidirectional	glass-fiber	reinforced	laminates.	Journal	of	Materials	Science,	18,	1522-1532.	Kang,	J.	F.,	Wang,	J.,	Zhou,	X.	Y.,	Yuan,	J.,	Hou,	Y.	S.,	Qian,	S.	Y.,	Li,	S.	&	Yue,	Y.	L.	(2018).	Effects	of	alkali	metal	oxides	on	crystallization	behavior	and	acid	corrosion	 resistance	of	 cordierite-based	glass-ceramics.	 Journal	of	Non-
Crystalline	Solids,	481,	184-190.	Kao,	E.	C.	(1991).	Fracture-resistance	of	pin-retained	amalgam,	composite	resin,	and	alloy-reinforced	glass	 ionomer	core	materials.	 Journal	of	Prosthetic	
Dentistry,	66,	463-471.	Kelly,	 J.	 R.	 &	 Benetti,	 P.	 (2011).	 Ceramic	 materials	 in	 dentistry:	 historical	evolution	and	current	practice.	Australian	Dental	Journal,	56,	84-96.	Kelly,	 J.	 R.	 &	 Denry,	 I.	 (2008).	 Stabilized	 zirconia	 as	 a	 structural	 ceramic:	 An	overview.	Dental	Materials,	24,	289-298.	Kelly,	J.	R.,	Nishimura,	I.	&	Campbell,	S.	D.	(1996).	Ceramics	in	dentistry:	Historical	roots	and	current	perspectives.	Journal	of	Prosthetic	Dentistry,	75,	18-32.	Koenderink,	 G.,	 Brzesowsky,	 R.	 &	 Balkenende,	 A.	 (2000).	 Effect	 of	 the	 initial	stages	of	leaching	on	the	surface	of	alkaline	earth	sodium	silicate	glasses.	





Kukiattrakoon,	 B.,	 Hengtrakool,	 C.	 &	 Kedjarune-Leggat,	 U.	 (2010).	 Chemical	durability	 and	 microhardness	 of	 dental	 ceramics	 immersed	 in	 acidic	agents.	Acta	Odontologica	Scandinavica,	68,	1-10.	Kukiattrakoon,	B.,	Junpoom,	P.	&	Hengtrakool,	C.	(2009).	Vicker's	microhardness	and	 energy	 dispersive	 x-ray	 analysis	 of	 fluorapatite-leucite	 and	fluorapatite	ceramics	cyclically	immersed	in	acidic	agents.	Journal	of	oral	
science,	51,	443-50.	Kundu,	D.,	De,	G.,	Karmakar,	B.,	Patra,	A.	&	Ganguli,	D.	(1992).	Sol-gel	preparation	of	silica	glass.	Bulletin	of	Materials	Science,	15,	453-457.	Kvam,	K.,	Derand,	T.	&	Austrheim,	E.	K.	(1995).	Fracture-toughness	and	flexural	strength	of	dental	ceramics	for	titanium.	Biomaterials,	16,	73-76.	Kvam,	K.	&	Karlsson,	S.	(2013).	Solubility	and	strength	of	zirconia-based	dental	materials	after	artificial	aging.	 Journal	of	Prosthetic	Dentistry,	110,	281-287.	Lawson,	S.	 (1995).	Environmental	degradation	of	zirconia	ceramics.	 Journal	of	
the	European	Ceramic	Society,	15,	485-502.	Li,	R.	W.	K.,	Chow,	T.	W.	&	Matinlinna,	J.	P.	(2014).	Ceramic	dental	biomaterials	and	 CAD/CAM	 technology:	 State	 of	 the	 art.	 Journal	 of	 Prosthodontic	




Maloney,	W.	J.	&	Maloney,	M.	P.	(2009).	Pierre	Fauchard:	the	father	of	modern	dentistry.	J	Mass	Dent	Soc,	58,	28-9.	Mclaren,	E.,	Giordano,	R.	&	Pober,	R.	(2003).	Material	testing	layering	techniques	for	a	new	two	phase	all	glass	veneering	porcelain	for	bonded	porcelain	and	high	alumina	frameworks.	Quintessence	Dent	Technol,	26,	69-81.	Mclaren,	 E.	 A.	 &	 Giordano,	 R.	 (2014).	 Ceramics	 overview:	 Classification	 by	microstructure	and	processing	methods.	Cosmetic	dentistry.	Mclaren,	E.	A.	&	White,	 S.	N.	 (2000).	 Survival	of	 In-Ceram	crowns	 in	a	private	practice:	a	prospective	clinical	trial.	J	Prosthet	Dent,	83,	216-22.	Mclean,	J.	(1979).	The	Science	and	Art	of	Dental	Ceramics.	Volume	1:	The	nature	of	dental	ceramics	and	their	clinical	use.	Chicago:	Quintessence	Publishing	





Minguez,	N.,	Ellacuria,	J.,	Soler,	J.	I.,	Triana,	R.	&	Ibaseta,	G.	(2003).	Advances	in	the	history	of	composite	resins.	Journal	of	the	history	of	dentistry,	51,	103-5.	Morena,	 R.,	 Beaudreau,	 G.	M.,	 Lockwood,	 P.	 E.,	 Evans,	 A.	 L.	 &	 Fairhurst,	 C.	W.	(1986).	 Fatigue	 of	 dental	 ceramics	 in	 a	 simulated	 oral	 environment.	





Papanagiotou,	H.	P.,	Morgano,	S.	M.,	Giordano,	R.	A.	&	Pober,	R.	(2006a).	In	vitro	evaluation	of	low-temperature	aging	effects	and	finishing	procedures	on	the	 flexural	 strength	 and	 structural	 stability	 of	 Y-TZP	 dental	 ceramics.	
Journal	of	Prosthetic	Dentistry,	96,	154-164.	Papanagiotou,	H.	P.,	Morgano,	S.	M.,	Giordano,	R.	A.	&	Pober,	R.	(2006b).	In	vitro	evaluation	of	low-temperature	aging	effects	and	finishing	procedures	on	the	flexural	strength	and	structural	stability	of	Y-TZP	dental	ceramics.	 J	





Proebster,	L.,	Weber,	H.,	Diehl,	J.	&	Weigel,	E.	(1990).	First	clinical	and	materials	studies	 experience	 with	 the	 all	 ceramics	 crown	 and	 bridge	 system	 in-ceram.	Zwr	(Heidelberg),	99,	816-820.	Quinn,	G.	D.,	Gettings,	R.	&	Ives,	L.	K.	(2004).	A	Standard	Reference	Material	for	Vickers	Hardness	of	Ceramics	and	Hardmaterials.	Gaithersburg,	MD,	USA:	National	Institute	for	Standards	and	Technology.	Raghavan,	 R.	 N.	 (2012).	 Ceramics	 in	 Dentistry,	 Sintering	 of	 Ceramics	 -	 New	Emerging	 Techniques,	 Dr.	 Arunachalam	 Lakshmanan	 (Ed.),	 ISBN:	 978-953-51-0017-1,	InTech.	Raigrodski,	A.	J.,	Chiche,	G.	J.,	Potiket,	N.,	Hochstedler,	J.	L.,	Mohamed,	S.	E.,	Billiot,	S.	&	Mercante,	D.	E.	(2006).	The	efficacy	of	posterior	three-unit	zirconium-oxide-based	ceramic	fixed	partial	dental	prostheses:	a	prospective	clinical	pilot	study.	J	Prosthet	Dent,	96,	237-44.	Rashid,	H.	(2014).	The	effect	of	surface	roughness	on	ceramics	used	in	dentistry:	A	review	of	literature.:	European	Journal	of	Dentistry.	Reiss,	B.	&	Walther,	W.	 (2000).	Clinical	 long-term	results	and	10-year	Kaplan-Meier	analysis	of	Cerec	restorations.	International	journal	of	computerized	





Sagsoz,	O.,	Yildiz,	M.,	Ghahramanzadeh,	A.	&	Alsaran,	A.	(2018).	In	vitro	Fracture	Strength	 and	Hardness	 of	Different	 Computer-aided	Design/Computer-aided	Manufacturing	Inlays.	Nigerian	Journal	of	Clinical	Practice,	21,	380-387.	Sailer,	I.,	Fehér,	A.,	Filser,	F.,	Gauckler,	L.	J.,	Lüthy,	H.	&	Hämmerle,	C.	H.	(2007).	Five-year	clinical	results	of	zirconia	frameworks	for	posterior	fixed	partial	dentures.	Int	J	Prosthodont,	20,	383-8.	Schulein,	T.	M.	 (2005).	Significant	events	 in	 the	history	of	operative	dentistry.	Journal	of	the	History	of	Dentistry.	Seghi,	R.	R.,	Daher,	T.	&	Caputo,	A.	 (1990).	Relative	 flexural	 strength	of	dental	restorative	ceramics.	Dent	Mater,	6,	181-4.	Shah,	K.,	Holloway,	J.	A.	&	Denry,	I.	L.	(2008).	Effect	of	Coloring	With	Various	Metal	Oxides	 on	 the	 Microstructure,	 Color,	 and	 Flexural	 Strength	 of	 3Y-TZP.	
Journal	of	Biomedical	Materials	Research	Part	B-Applied	Biomaterials,	87B,	329-337.	Slokar,	L.,	Pranjic,	J.	&	Carek,	A.	(2017).	Metallic	Materials	for	Use	in	Dentistry.	The	Holistic	Approach	to	Environment	7.	Stokes,	C.,	Hand,	R.	&	Noort,	R.	(2002).	Fluorocanasite	Glass-Ceramics	for	Dental	Applications.	Glass	Technology,	43C.	Stokes,	C.	W.,	Van	Noort,	R.	&	Hand,	R.	 J.	 (2006).	 Investigation	of	 the	chemical	solubility	 of	mixed-alkali	 fluorcanasite	 forming	 glasses.	 Journal	 of	Non-





Studart,	A.	R.,	 Filser,	F.,	Kocher,	P.	&	Gauckler,	L.	 J.	 (2007).	 In	vitro	 lifetime	of	dental	 ceramics	 under	 cyclic	 loading	 in	 water.	Biomaterials,	 28,	 2695-2705.	Swab,	 J.	 J.	(1991).	Low-temperature	degradation	of	Y-TZP	materials.	 Journal	of	
Materials	Science,	26,	6706-6714.	Taylor,	J.	(1922).	History	of	Dentistry:	A	Practical	Treatise	for	the	Use	of	Dental	Students	and	Practitioners.	Philadelphia:	PA:Lea	&	Febiger.	Taylor,	J.	R.	&	Bull,	A.	C.	(1986).	Ceramics	Glaze	Technology.	Oxford:	Pergamon	Press.	Thermo	Elemental	(2001).	AAS,	GFAAS,	ICP	or	ICP-MS?	Which	technique	should	I	 use?	 An	 elemental	 overview	 of	 elemental	 analysis.	 MA:	 Thermo	
Elemental.	Thomas,	 T.	 R.	 (1998).	 Trends	 in	 surface	 roughness.	 International	 Journal	 of	
Machine	Tools	&	Manufacture,	38,	405-411.	Tong,	H.,	Tanaka,	C.	B.,	Kaizer,	M.	R.	&	Zhang,	Y.	(2016).	Characterization	of	three	commercial	Y-TZP	ceramics	produced	for	their	High-Translucency,	High-Strength	and	High-Surface	Area.	Ceramics	International,	42,	1077-1085.	Usha,	 G.,	 Prashanth,	 T.	 R.,	 Roopa,	 R.	 N.,	 Yashwanth,	 G.	 &	 Murtuza	 (2014).	Advanced	 Ceramics	 A	 Review	 of	 Material	 Science.	 Journal	 of	 Dental	




Wassermann,	A.,	Kaiser,	M.	&	Strub,	J.	R.	(2006).	Clinical	long-term	results	of	VITA	In-Ceram	 Classic	 crowns	 and	 fixed	 partial	 dentures:	 A	 systematic	literature	review.	International	Journal	of	Prosthodontics,	19,	355-363.	Wilson,	 A.	 D.	 (1991).	 Glass-ionomer	 cement	 origins	 development	 and	 future.	
Clinical	Materials,	7,	275-282.	Yoshimura,	H.	N.,	Gonzaga,	C.	C.,	Cesar,	P.	F.	&	Miranda,	W.	G.	(2012).	Relationship	between	elastic	and	mechanical	properties	of	dental	ceramics	and	their	index	of	brittleness.	Ceramics	International,	38,	4715-4722.	Zimmerli,	 B.,	 Strub,	 M.,	 Jeger,	 F.,	 Stadler,	 O.	 &	 Lussi,	 A.	 (2010).	 Composite	materials:	composition,	properties	and	clinical	applications.	A	literature	review.	Schweizer	Monatsschrift	fur	Zahnmedizin	=	Revue	mensuelle	suisse	


































14.2.1.	Reagent,	acetic	acid	(analytical	grade),	4	%	(V/V)	solution	in	water	grade	3	as	specified	in	ISO	3696.		14.2.2.	Apparatus		14.2.2.1.	Balance,	accurate	to	0.1	mg.		14.2.2.2.	Drying	oven,	controlled	at	(150	±	5)	°C.		14.2.3.	 Preparation	 of	 test	 specimens,	 as	 prescribed	 in	 ISO	 6872:2015.	(Recommended:	5	cubes	with	6	cm2	individual	specimen	surface	area)	
• Because	 of	 limitations	 on	 the	 availability	 of	 some	 sample	geometries	 (manufactured	 blanks	 for	 milling),	 and	 the	 ease	 of	handling	for	testing.		14.2.4.	Procedure		1) Place	and	keep	all	specimens	in	a	Pyrex	flask	(recommend	250	ml)	during	the	whole	experiment.		






• Using	 an	 automated	 pipette	 helps	 to	 remove	 the	 test	 solutions	effectively	and	minimise	the	risk	of	damage	to	specimens.	4) Dry	the	specimens	at	(150	±	5)	°C	for	4	h	in	the	flask.		5) Weigh	the	flask	containing	the	specimens	to	the	nearest	0.1	mg.		
• This	also	to	minimise	the	risk	of	damaging	the	test	specimens.		6) Pour	100	ml	of	4	%	acetic	acid	into	the	Pyrex	flask.		7) Preheat	oven	to	(80	±	3)	°C	and	place	the	sealed	flask	inside	the	oven	for	16	h.		8) Drain	and	wash	the	specimens	with	distilled	water	(water	of	grade	3	as	per	ISO	3696)	using	an	ultrasonic	bath	for	5	minutes.		9) Dry	the	specimens	at	(150	±	5)	°C	for	4	h.		10) 	Reweigh	the	Pyrex	flask	containing	the	specimens	to	the	nearest	0.1	mg.			14.2.5.	Calculation	and	assessment	of	results	Calculate	the	mass	loss	in	micrograms	per	square	centimetre	of	the	specimens.	As	stated	by	the	ISO	6872:2015,	enamel	class	dental	ceramics	should	display	up	to	100	µg/cm2	for	maximum	solubility	level	(should	be	reconsidered	by	future	studies),	whereas	core	class	ceramics	must	show	less	than	2000	µg/cm2.										
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14.3.					Poster	presentation,	BSORD,	September	2015,	Cardiff,	
…………	Wales.	
	 	
		
	Chapter	14:	Appendices	
214	
 
14.4.					Poster	presentation,	24th	European	Dental	Materials	
…………	Conference,	August	2017,	London,	UK.	
			 	
	
